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Modulation of a pacemaker current
through Ca?*-induced stimulation
of cAMP production
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Brief increases in [Ca2*]; can result in prolonged changes in neuronal properties. A CaZ*-dependent
modulation of the hyperpolarization-activated cation current (/,,) controls the slow recurrence of
synchronized thalamocortical activity. Here we show that the persistent activation of I, is initiated by
rapidly increased [CaZ*]; and subsequent production of cAMP. The modulation is maintained via a
facilitated interaction of cCAMP with open (voltage-gated) h-channels, inducing prolonged activation
of I, that may outlast the presence of increased free [Ca?*]; and [cAMP];. This persistent /,, activation

may control the presence and periodicity of both normal and abnormal synchronized

thalamocortical rhythms.

Activity-induced transient increases in intracellular Ca2* con-
centration ([Ca2*];) trigger neuronal responses ranging from
modulation of synaptic transmission to alterations in gene expres-
sion with time courses of seconds to days!3. These changes occur
through Ca2*-stimulated messenger cascades that can induce
prolonged recruitment of proteins by, for example, autophos-
phorylation4, persistent binding to Ca*/calmodulin® or tran-
scription factor activation®.

Increased [Ca?*]; may also affect the intrinsic electrical char-
acteristics of neurons by modifying properties of ionic channels’,
through, for example, Ca2*-triggered activation of kinases or
adenylyl cyclases. However, because few studies (for example,
ref. 8) have quantitatively investigated the temporal relationship
between activity-dependent [CaZ*]; elevation and its effects on
ionic conductances in intact central neurons, how much these
modulations may contribute to persistent changes in neuronal
circuits is unclear.

Hyperpolarization-activated cation currents (l,) are widely
expressed in the nervous system and often function as ‘pace-
maker’ currents for rhythmic electrical behavior®-11, The role
of I, is well characterized in thalamocortical cells, where this
current not only contributes to rhythmic discharges of single
neurons, but also governs the slow periodic recurrence of net-
work activities!®-13, Thalamic synchronized oscillations in the
form of spindle waves appear as 1-4-second periods of syn-
chronized activity interspersed by silent phases of 5-20 sec-
onds!. The oscillatory period arises as a cyclical interaction
between thalamocortical cells and inhibitory neurons from the
nucleus reticularis thalami (nRT) or perigeniculate nucleus
(PGN)5, Burst firing in nRT/PGN neurons induces rhythmic
IPSPs in thalamocortical cells, which, in turn, generate rebound
low-threshold Ca2* spikes and bursts of action potentials that
re-excite the nRT/PGN neurons.

The silent period between spindle waves is largely determined
by persistent I, activation in thalamocortical cells'213.16, This
activation, initiated during the oscillatory period, causes thala-
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mocortical cells to generate a slowly decaying (tens of seconds)
afterdepolarization (ADP)12 that prevents the generation of
rebound bursts, thereby stopping the oscillations. This persistent
I,, activation is induced partly by transient [Ca®*]; increases
resulting from rebound Ca?* spikes during the oscillations?6.
Although the time course of the silent period between these oscil-
lations in vitro is largely controlled by the slow decay of the
ADP1213 what determines the temporal dynamics of persistent I,
activation remains unclear. Here we show that I, enters a state of
Ca?*-independent persistent activation via allosterically stabi-
lized interaction with CAMP released upon Ca?* entry, thus indi-
cating a direct relationship between ionic channel function and
slow network activitylC.

REsuLTs
Time course of Ca?*-mediated upregulation of I,
To assess modulation of I, by increases in [Ca2*];, we applied 20
hyperpolarizing current pulses (4 Hz, 125 ms, 500 pA), each large
enough to evoke a low-threshold Ca?* spike, to thalamocortical
cells using whole-cell patch-clamp recordings. This protocol,
which partially mimics the events occurring during synchronized
network oscillations in thalamocortical cells2.16, reliably
enhanced Iy,. Thus, these injections were followed by a small,
slowly decaying ADP (Fig. 1a; 2-6 mV) that was abolished by
extracellular application of Cs* (2-5 mM in bath; n = 4; data not
shown), an I, blocker %11, I, amplitude was measured in voltage-
clamp conditions after the end of the current injections. At ADP
peak (1-2 s after current pulses), I, was significantly increased
to 142 + 14% of control (test potential =78 mV; n =5; p < 0.05)
and decayed monoexponentially with a time constant of t = 12.8
+ 1.3 s, matching the slow decay of the ADP (Fig. 1a—c; n =5).
Upregulation of I, was also observed following UV-flash-
induced photolytic release of caged Ca* perfused into the cytosol
and was characterized by a transient, reversible enhancement of
the amplitude of 1, responses!® (Fig. 1d and €; 114 + 1.3% of con-
trol in 22 of 32 cells; range 105-126%; p < 0.0001). The size of
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Fig. 1. Induction of Ca2*-mediated I, upregulation in whole-cell patch-
clamp recordings from thalamocortical cells. (a) Cell injected with a series
of hyperpolarizing current injections. Each pulse evoked transient mem-
brane hyperpolarization and a rebound low-threshold Ca%* spike (trun-
cated). The switch to voltage-clamp after the current injections (protocol
illustrated below, holding potential -53 mV) and the application of step
hyperpolarizations at 0.14 Hz to =78 mV showed the enhanced amplitude
of |,, after the repetitive current injections (traces 1-3) compared to basal
I, (traces 4-5, ADP largely decayed). (b) Overlay of responses 1-5 from
panel (a). Passive current responses to the voltage steps were slightly
enhanced in amplitude because of activation of outward currents following
depolarization to =53 mV. This did not prevent the detection of upregula-
tion of I;,. (c) Time course of the decay of upregulated to basal I, The
decay was fitted with a monoexponential curve witht = 12.8 = 1.3 s. Data
were normalized to the average of the last three responses (evoked at 35,
42, 49 s after current injections). (d) Upregulation of I, induced via pho-
tolytic release of caged Ca2*. Application of 20 brief flashes (10 Hz, ~6 us
each, marked by black bar) induced a reversible enhancement of the ampli-
tude of I, (arrow). (e) Overlay of responses 1-3 from (d).

this increase was correlated with that evoked by Ca2* entry
through voltage-gated channels; cells showing large ADPs fol-
lowing repetitive hyperpolarization (> 4 mV) gave the largest
responses to Ca2* release (117.5 + 3.0% at —83 mV; n = 4), where-
as cells showing small ADPs (< 3 mV) gave small responses
(105.6 = 2.0% at —83 mV; n = 5). Also, I,, enhancement induced
via photolytic Ca?* release was strongest in the middle of the I,
activation range (-65 to =95 mV), indicating a shift in I, voltage
dependence, as shown for Ca%* entering through voltage-gated
channels?S,

cAMP occludes CaZ* effects on |,

The slow time course of Ca2*-induced upregulation of I, sug-
gests an indirect effect of CaZ* (for example, via production of
second messengers such as cyclic nucleotides®16). We therefore
examined the effects of simultaneous exposure of I, to CAMP
and Ca2*. Cyclic AMP (10-1000 uM in the patch pipet) caused
a dose-dependent positive shift of the I, activation curve®1117.18,
The half-activation voltage (Vi) was determined by fitting the
Boltzman equation, 1/, = {1 + exp [(V, — Vs0)/s]} 2, to nor-
malized activation curves (Fig. 2a). Control |, yielded
Vgo=-83.6 £0.5mV and s =6.9 £ 0.2 mV (n = 16)1°. The shift
in Vg varied with cAMP concentration in a sigmoidal concen-
tration-response curve that was fit with the Hill equation
VY max = {[1+(c/co)P1}~t (Fig. 2e). This yielded values of
9.15 = 1.0 mV for the maximal effect y5,, 45.5 = 7.1 uM for
the half-maximal concentration ¢, and —2.5 + 0.8 for the Hill
coefficient p (n = 3-5 cells for each data point). In parallel,
cAMP dose-dependently reduced the ADP (following a saturat-
ing number of hyperpolarizing current injections, Fig. 2c). This
was well described by the Hill equation, with y,,, = 4.5+ 0.5
mV, ¢g=39.0+ 6.9 uM and p = 1.1 + 0.2 (Fig. 2e; n = 3-7 cells
for each data point). Thus, Vs, shifts for |, activation and ADP
occlusion similarly depended on cAMP concentration, with ¢,
=~ 40 uM. This concentration is about two orders of magnitude
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higher than that reported in a cell-free system??, presumably
reflecting hydrolysis of cAMP perfused through the pipet. There-
fore, CAMP experiments were repeated with the non-hydrolyz-
able analog 8BrcAMP, which induced a dose-dependent
occlusion of the ADP with y,, = 4.5 £ 0.29 mV, ¢, = 0.36 + 0.04
uM and p = 1.29 + 0.19 (Fig. 2d and e; n = 3—7 per data point),
thus showing ~100-fold higher potency than cAMP. Similarly,
the activation curve shift was characterized by yy,, = 10.4 + 1.2
mV, ¢, =0.18 + 0.04 uM and p =-0.77 £ 0.11 (Fig. 2b and ¢;
n = 3-7 cells for each data point). These values closely agree with
data obtained from application of CAMP to inside-out patches
(co=10.21 uM, p = -0.85)7. The reciprocal correlation in the
concentration dependence of the V shift and the ADP occlu-
sion, along with the low Hill coefficient (~1 for 8BrcAMP), sug-
gests that Ca2* cannot upregulate channels that are already
bound to cAMP or 8BrcAMP.

We also asked if Ca®*-mediated I}, upregulation modulated
cAMP-dependent effects induced via photolytic release of caged
CAMP. We estimated that the maximum cAMP concentration
released by a saturating number of flashes (5-20, 10 Hz) corre-
sponds to the relatively low dose of ~20 uM cAMP in the patch
pipet (not shown). We used only small, nonsaturating numbers
of flashes (1-2, corresponding to ~4 and ~10 uM cAMP, in the
patch pipet, respectively) for which flash number and I, upreg-
ulation were linearly related (Fig. 3a and c). After exposure to
maximal Ca2* doses (via a saturating volley of hyperpolarizing
current injections; Fig. 3b and c), no change in slope was found
by linear regression analysis of Iy, increase as a function of flash
number (10.6 + 1.0% per flash for control; 10.4 + 1.5% for upreg-
ulated I,; n = 5; p > 0.05), suggesting that I, enhancement by
non-saturating cCAMP added linearly to the Ca?* effects (Fig. 3c;
n =5). These findings and Fig. 2 demonstrate that effects on I, are
additive at low doses of CAMP and Ca2*, but occlusive at high
doses. This supports the hypothesis that I, upregulation primarily
involves CAMP released upon [Ca2*]; increases, but not Ca?*-
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Fig. 2. A positive shift in |, voltage dependence and ADP occlusion are
induced by cAMP and 8BrcAMP. (a) Normalized tail currents as a function
of test potential for four cells recorded with cAMP in the patch pipet. Cells
were voltage clamped at —48 to -58 mV and hyperpolarized for 2.8 s in
increments of 5 mV. Inset, tail currents of three examples, measured at —-68
mV as a function of preceding test potential (indicated to the right). With
increasing CAMP concentration, the voltage for half-activation of I, (Vs) is
progressively shifted to the right along the voltage axis (dotted line). For
the cells presented, Vs, equaled -84 mV (0 uM cAMP), —-82.5 mV (10 uM
cAMP), -80.4 mV (33 uM cAMP) and -72.2 mV (1 mM cAMP). (b) Same
experiment as (a), except that CAMP was replaced with 8BrcAMP. Vg,
equaled -84.4 mV (0 uM 8BrcAMP), —-81.1 mV (0.01 uM 8BrcAMP), —-77.7
mV (0.33 uM 8BrcAMP) and —72.5 mV (10 uM 8BrcAMP). (c) ADPs were
occluded dose dependently by cAMP. The size of the current injections
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was increased with enhanced cAMP concentration (0.5 nA for 0, 10 and 33 uM cAMP; 1 nA for 100 and 1,000 uM cAMP) to compensate for the
cAMP-induced decrease in cellular input resistance and to ensure the generation of a low-threshold Ca?* spike at the end of each pulse. Thus, the
ADPs shown represent the maximal obtainable ADPs at a given cAMP concentration. A small afterhyperpolarization is observed when the ADP is

completely occluded at 1,000 uM (ref. 16). Data are from the same cells as

in (a), except for 33 uM cAMP. (d) Same experiment as (c) repeated with

8BrcAMP instead of CAMP in the patch pipet. Data are from the cells in panel (b). (e) Normalized Vs shifts (open symbols) and ADP size (closed
symbols) as a function of cCAMP (diamonds, dotted lines) and 8BrcAMP (circles, solid lines) concentration, fitted with the Hillequation.

dependent modulation of cAMP binding to h-channels (for
example, phosphorylation; see below).

Blocking adenylate cyclase reduces Ca?* effects on I,
Calcium may enhance 1, by activating a Ca2*-sensitive adenylyl
cyclase (AC). This was tested by examining the effects of
MDL12,330A, a non-competitive AC inhibitor?® (ICsy~ 0.25
mM; 0.25-0.5 mM included in the patch pipet) on ADP genera-
tion following a saturating volley of hyperpolarizing current puls-
es and rebound Ca2* spikes (Fig. 3d). This drug induced a small
but significant negative shift of Vs, for basal I, activation (from
-849+12mV,n=510-87.7+0.9mV,n=9; p<0.05, data
not shown), suggesting that it inhibited adenylyl cyclase (see
Methods). Within 5 minutes of recording with MDL12,330A,
ADP amplitude decreased to 47.0 £ 7.7% of control (n = 19; con-
trol, 3.9 £ 0.2 mV, n = 14; p < 0.001). In addition, in 6 of 6 cells
perfused with MDL12,330A, flash release of caged Ca2* did not
detectably enhance I}, (not shown). Other blockers, such as 2,3'-
dideoxyadenosine and SQ 22536, were not used because they
induced a positive shift in the activation curve of control I, (data
not shown), probably because of their structural similarity to
cyclic nucleotides. These findings support the hypothesis that
Ca2*-mediated activation of AC and cAMP release are impor-
tant for persistent upregulation of Iy,
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The h-current may be modulated via phosphorylation
through protein kinase A (for review, see ref. 9). To examine this,
we incubated thalamic slices with the specific PKA inhibitor
KT5720 (5 uM) for at least two hours?! (Fig. 3e). Following incu-
bation, ADPs were not different from those recorded in slices
incubated without drug (2.0 £ 0.37 mV, n = 6; no drug, 2.3 £0.2
mV, n = 5; p > 0.05). In contrast, the slow afterhyperpolarization
current (154p) evoked in hippocampal CA1 pyramidal cells incu-
bated simultaneously with the thalamic slices showed a strongly
reduced sensitivity to bath application of norepinephrine (Fig.
3f; 10 uM; n =8 cells in 8 untreated slices; n = 3 cells in 3 treated
slices). These data suggest that alteration of PKA activity follow-
ing CaZ* entry is not a primary determinant of Ca2*-mediated
upregulation of I, and favors a direct interaction of CAMP with
the ionic channels underlying I, consistent with earlier
reports?17,

CaZ* does not maintain I, upregulation

To investigate the temporal requirement of Ca?*-dependent I,
enhancement on [Ca?*]; increases, we used flash photolysis of
the photosensitive buffer diazo-2 (refs. 8, 22). Cells exposed to
photolysis-induced release of Ca%* buffer (0.2-3 mM in pipet)
with a series of flashes of intermediate energy (~75 J) showed full
blockade of the ADP, similar to the effects of the Ca®* chelator
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BAPTA (n = 4; data not shown)6. Higher concentrations of
diazo-2 were not used because they evoked rapid, large inward
currents, presumably due to blockage of Ca2*-dependent K* cur-
rents, and led to rundown of basal I;, and Ca?* spikes. In con-
trast, uncaging of diazo-3 (1 mM), a compound yielding the same
photolysis products as diazo-2 (ref. 22) yet not buffering Ca2*,

when increases in [Ca2*]; are required for I,, enhancement. Before
photolytic release of the Ca2* chelator, cells perfused with diazo-
2 showed robust I;, enhancement following repetitive hyperpo-
larizing current pulses, indicating I, upregulation by Ca?* (Fig. 4a
and b). High-intensity UV flashes (~250 J) were then applied
either during or after the current injections to buffer Ca%*. Flash-

es applied immediately after the termination of the hyperpolar-
izing current injections reduced the extent of upregulation

did not reduce ADP amplitude (n = 3). The effectiveness of diazo-
2 in reducing Ca?*-mediated I, upregulation allowed us to assess
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Fig. 5. Photolytic release of Ca®* or cAMP induces a Caged Ca2* b Caged cAMP
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(amplitude ratios for voltage step 1l:step 5; Fig. 4b) by
27.6 £ 11.2% (Fig. 4c; n = 5). In contrast, photolytic release of
diazo-2 during current injection was significantly more efficient
in compromising the effects of Ca2* on I,,, reducing it by an aver-
age of 61.2 + 9.8% (Fig. 4d; n = 6; p < 0.05). Partial recovery from
this reduction usually occurred within ~5 minutes (Fig. 4e). The
experiments suggest that [Ca®*]; increases are primarily required
for induction, but not maintenance of I, upregulation.

Ca2* induces slower inward currents than cAMP

If Ca2* induces cyclic nucleotide release, the kinetics of 1, -depen-
dent inward currents induced by flash photolysis of caged Ca2*
should differ from those induced by caged cAMP. Release of Ca?*
or cCAMP in voltage-clamped cells resulted in slow inward cur-

a

Fig. 6. Voltage gating of |, stabilizes the interaction
with second messenger compounds and therefore
causes persistent activation. (a) Photolytic release
of caged Ca%* (20 flashes at 10 Hz, black bar) tran-
siently enhances I,, amplitude, assessed by repeti-
tively applying hyperpolarizing step commands from
—-58 to =78 mV (top trace). Right, overlaid traces. In
contrast, flash-evoked release of Ca2* while the cell b
is voltage clamped at a membrane potential that

partially activates I, (-78 mV) induces a slowly 48 mV
developing inward current with substantially slower
decay time course (bottom trace). (b) Same exper- 68 mv

iment as (@) with photolytic release of cAMP (100
uM in pipet, 20 flashes at 10 Hz, black bar). Again,
the duration of the inward current assessed at a
holding potential of .68 mV (bottom trace) out-
lasted the duration of the enhancement detected
with voltage steps (top trace). Application of the
UV-flash was temporally aligned separately for (a)
and (b). HP, holding potential.
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rents (Fig. 5) that increased with hyperpolarizations to approx-
imately —-80 mV and were reversibly inhibited 75-100% by Cs*
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kinetics were sigmoidal, with an initial lag followed by a slow ris-
ing phase, and were characterized by both the peak slope of the
initial downward deflection of holding current (Al/At, lower
traces, Methods) and the delay-to-onset of the inward current
after a flash. Photolytic release of cAMP triggered inward cur-
rents up to ~120 pA in amplitude with a peak in Al/At, which
increased with increasing hyperpolarization to a maximum of
~36 pA/s (Fig. 5b). In contrast, Ca*-induced inward currents
were smaller (Fig. 5a; n = 3-9 per data point; p < 0.05 for all
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dependent slope with a maximum of ~16 pA/s (n = 3-9 per data
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Fig. 7. Depolarizing voltage steps antagonize per-
sistent |, activation. The cAMP-induced |, upregu-

articles

cAMP-induced upregulation of |,

lation as detected with step hyperpolarizing  -48 mv
voltage commands decayed within ~50 s (top). In

contrast, the cCAMP-induced inward current at —78

mV remained persistent for almost 2 min (bot-

tom). A brief depolarizing step (arrow, response -68 mV
truncated) caused the return of the holding cur-

rent to levels measured before photolysis.

200 pA

Depolarizing step
OmyV, 15s)

cAMP-induced upregulation of I, 100 pA|

point; p < 0.01 for all values).

Ca?*-induced inward current deflections began 1.23 + 0.1 sec-
onds (n = 8) after the beginning of a flash series (n = 8; 15-20
flashes at 10 Hz), whereas CAMP currents showed a significantly
shorter lag of 0.25 £ 0.03 seconds (n = 6; p < 0.001). The onset
kinetics of Ca2*-induced inward currents are thus ~5 times slow-
er than those of cAMP-induced currents. However, Ca2* diffu-
sion may be slowed because of endogenous Ca%* buffering
capacities. We therefore recorded outward currents evoked by
photolytic release of Ca%* in cells clamped at potentials at which I,
activation was minimal (—40 to —-60 mV). These currents were
associated with an increase in input conductance and were voltage
dependent (enhanced by depolarization, data not shown), indi-
cating that they were mediated by Ca%*-dependent K* conduc-
tances?3. Some cells showed both outward currents resulting from
K™* current activation and inward currents resulting from 1, upreg-
ulation (Fig. 5¢; n = 7). The former developed rapidly after flash
exposure (delay 0.1-0.2 s, n = 6), indicating that [CaZ*]; rose
quickly and thus buffered diffusion was not rate limiting in the
gradual I,, upregulation. Therefore, despite rapid [Ca2*]; increas-
es, Ca2*-triggered I, upregulation requires more or slower steps
than those associated with UV-flash-evoked cAMP release.

I, voltage gating stabilizes cAMP interaction

The slow time course of the ADP may result from enhanced inter-
action of activated h-channels with cAMP, for example, via an
allosteric mechanism. To test this, we examined the development
of I,, enhancement either while the cell was only transiently
stepped into the activation range of I, or when the cell was held
constantly within this range (Fig. 6). Flash photolysis of caged
Ca2* or caged cAMP while the cells were stepped repetitively
(0.1-0.14 Hz) to voltages between —68 and —88 mV from hold-
ing potentials between —48 and-58 mV to transiently activate Iy,
caused enhancements (114.0 = 2.2%, n = 11; p < 0.001;
141.0 £ 8.7%, n = 5; p < 0.01) that lasted 53.6 £ 5.3and 61.0 £ 8.7
seconds, respectively (Fig. 6a and b; durations not significantly
different; p > 0.05). Cells were then voltage-clamped at a poten-
tial corresponding to that reached during the step pulses to par-
tially but constantly activate Iy, (Fig. 6a and b). Flash release of
CaZ* or cAMP under these circumstances caused the slow devel-
opment of inward currents that decayed but did not return fully
to baseline, even after their effects on I, had completely reversed
as measured by hyperpolarizing steps (see also Fig. 7). Inward
currents induced by release of cCAMP at potentials below —70 mV
persisted for at least 100 seconds and often lasted for 2 or more
minutes without full recovery (n = 8; p < 0.05 compared to dura-
tion measured with steps), whereas those induced with release
of Ca2* persisted for at least 60 seconds and up to 100 seconds
(n=8; p<0.01 compared to duration measured with steps). The
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steady-state holding current (measured when the upregulation
detected with steps had recovered) equaled 30-60% (n = 6) and
30-100% (n = 8) of peak inward current amplitude for cAMP
and Ca®*, respectively. Thus, the duration of I, upregulation by
Ca?* or CAMP increased with the extent of I;, voltage-gating (see
also Fig. 5) and indicated a facilitated interaction between open
channels and the upregulating compounds.

Depolarization reverses I, upregulation by cAMP

If 1}, voltage-gating facilitates interaction of CAMP with h-chan-
nels, then their closure by depolarization should antagonize the
cAMP-mediated effects on I,,. Susceptibility to depolarization
of cAMP-mediated Iy, upregulation was therefore investigat-
ed!216 (Fig. 7). Depolarizing voltage steps (20-80 mV, 1-20 s)
were applied to inward currents induced via photolytic release of
CAMP. When transient I, responses had recovered to their con-
trol amplitudes but cAMP-induced inward current was still pre-
sent, these steps gave partial to complete (50-100%) reversal of
the holding current levels to pre-flash values in 10 of 15 cells
tested (n = 15; p < 0.001). The sensitivity of cCAMP-induced cur-
rents to the depolarizing steps varied between cells, probably
because of space-clamp variability, and therefore could not be
quantified systematically. Overall, depolarizations of 60-80 mV
lasting 1-4 seconds yielded full reversal, whereas depolariza-
tions of 20-30 mV lasting up to 20 seconds were only partly
effective. Thus, forced deactivation of persistently activated Iy,
may antagonize the effects of cCAMP.

DiscussioN

Here we studied temporal dynamics of Ca2*-mediated modula-
tion of I, through flash photolysis of caged compounds. This
method allowed us to assess the time course of [Ca?*]; elevation
and to study the kinetics of enzymatic release of second messen-
gers and their interactions with ionic channels in intact cells. We
propose that persistent I, activation is established in thalamo-
cortical cells via Ca®*-stimulated release of CAMP and stabiliza-
tion of the open h-channel/cAMP complex. The ensuing
persistence of the macroscopic current I, in the activated state
seems not to be dependent on maintained increases in [Ca2*];.
Ca2*-mediated upregulation of this current thus represents a
‘short-term cellular memory’ of the thalamocortical cell’s activ-
ity that may contribute to the temporal organization of thalam-
ic network function#. A similar role for I, has also been proposed
in developing hippocampus?* and inferior olive?>, suggesting
that our study links activity-mediated modulation of single-cell
pacemaker currents and a variety of rhythmic network behav-
iorsi0. Moreover, persistent activation of dendritically expressed2®
I, in CAL hippocampal pyramidal neurons may contribute to
sustained modifications of synaptic integration.
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Time course of Ca2* effects on |,

Rebound Ca?* spikes are characteristic of thalamocortical cells.
The low-threshold, voltage-gated CaZ* currents that underlie
these Ca®* spikes are strongly expressed on the cellular mem-
brane?’, and rebound Ca?* spikes rapidly elevate somatic and
dendritic [Ca2*];, as verified by imaging?8. Our results suggest
that rises in [Ca?*];, presumably induced primarily by low-thresh-
old Ca2* currents316.28 trigger but are not required to maintain
I, enhancement. Photolytic release of the Ca%* buffer diazo-2 in
CA1 pyramidal cells rapidly reduces (within ms) Ca2*-activated
K* current®. In contrast, activation of diazo-2 in thalamocorti-
cal neurons could reduce enhancement of 1, primarily during
the generation of rebound Ca2* spikes, showing that this
enhancement becomes largely Ca2* independent a few seconds
after the hyperpolarizing pulses. This suggests that I, enhance-
ment by [CaZ*]; increases is mediated by an intermediary such
as CAMP.

Mechanism of action of [Ca?*]; increases on I,

Our results strongly suggest that Ca?*-mediated stimulation of
AC activity? is important in upregulating l,. Thus, the shift of
I, voltage dependence and ADP occlusion following repetitive
hyperpolarizing current pulses and rebound Ca2* spikes shared
a reciprocal dose dependence on cAMP and 8BrcAMP, indicat-
ing that Ca2* and the cyclic nucleotides converge onto a com-
mon modulatory mechanism. The Hill coefficient of ~1
(measured most accurately by using 8BrcAMP) indicates a 1:1
stoichiometry of binding of cAMP to h-channels, as proposed’’.
The reciprocal relationship between the shift in Vs, and ADP
occlusion demonstrates that the fraction of cCAMP-bound h-chan-
nels becomes inaccessible to the effects mediated by Ca?*, and
that cooperative interactions within this cAMP-induced occlu-
sion process are unlikely.

Co-exposure of I, first to Ca?* and then to non-saturating
doses of CAMP revealed an additivity of these two modulatory
effects at low doses, but no change in the sensitivity to CAMP (see
also ref. 30). This finding, along with the block of Ca2* enhance-
ment of I, with an adenylyl cyclase antagonist, supports the
hypothesis that I;, modulation by Ca2* entry occurs by Ca2*-trig-
gered stimulation of cCAMP release, most likely via an AC. Alter-
natively, Ca?* could modulate the levels of cAMP by altering
phosphodiesterase activity3L.

Compared to currents induced by direct cCAMP release, Ca?*-
induced inward currents have approximately fivefold longer
delays to onset and twofold slower activation kinetics, indicat-
ing that the time required for substantial enzymatic CAMP pro-
duction is rate limiting. Delay for the Ca2*-induced inward
currents (~1.2 s) is consistent with that for upregulation mea-
sured with repetitive current injections in microelectrode exper-
iments13.16 (~1 s) and with in-vitro assays® of AC activity
stimulated by Ca2*/calmodulin. Ca2*-sensitive ACs thus activate
slowly upon rapid accumulation of intracellular Ca%*. To date,
nine Ca%*-dependent ACs have been described, two of which
(AC1 and 8) are stimulated by elevations of [Ca2*]; within phys-
iological ranges?®. Type | AC mRNA is expressed in developing
rat thalamus®2, and this subtype may be targeted by Ca?* entry
during synchronized thalamic network activity.

Biophysical properties of I,

Channel subunits encoding brain-specific forms of I, have been
cloned and termed HCN channels (for hyperpolarization-acti-
vated, cyclic-nucleotide-gated channels)3334, These members of
the voltage-gated ion channel superfamily contain a cyclic-
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nucleotide binding domain in their carboxy terminus. Our char-
acterization of native currents in thalamocortical cells agrees
with the properties of heterologously expressed HCN2 channels,
including high sensitivity to cAMP/8BrcAMP and slow kinetics
of activation33. Photolytic release of CaZ* and cAMP now show
an as-yet-unidentified channel property permitting persistent
upregulation of macroscopic Iy, following voltage-dependent
activation in conjunction with cAMP release, suggesting pref-
erential binding of cAMP to the open state. Voltage-dependent
closure of h-channels may then reverse this persistent upregu-
lation by accelerating unbinding of cCAMP from the cyclic-
nucleotide-binding domain. Interestingly, spontaneous openings
of the molecularly related cyclic nucleotide-gated channels are
associated with increased affinity for cyclic nucleotides, pre-
sumably via an allosteric gating mechanism336, We thus pro-
pose that the facilitated interaction of cAMP with open
h-channels may reflect allosteric coupling between the voltage-
gated closed—open transition and exposure of a high-affinity lig-
and binding site. These state-dependent interactions between
modulatory compounds and channels may also underlie the
observed positive shift in the activation curve of the cAMP-
induced current with unchanged maximal conduc-
tance®11.17.18.37_Similarly, G-protein-mediated inhibition of
voltage-gated Ca2* currents is sensitive to the gating state of the
channel and shifts the activation curve of these currents38,

We hypothesize that the coincidence detection of electro-
physiological events (hyperpolarization) and biochemical changes
in the cellular interior (increases in [CAMPY];) could underlie the
contribution of Iy, to the slow periodicity of thalamocortical
rhythms during sleep or the re-occurrence of generalized epilep-
tic seizures. Repetitive IPSPs impinging onto thalamocortical cells
may lead to partial voltage gating of h-channels and activation
of rebound low-threshold Ca?* spikes, resulting in h-channels
becoming ‘trapped in the open state’ by concomitantly released
CAMP. This suggests a range in time courses of organization of
rhythmic neuronal circuit behavior, from the immediate gating of
ionic channels and their modulation by second messenger sig-
nals to prolonged alterations in synaptic or cellular properties
that produce persistent changes in network behavior. Under-
standing the details of these interactions may lead to potential
targets for therapeutic neurological intervention in sleep disorders
and, perhaps, epilepsy®.

METHODS

Electrophysiology and data analysis. Ferrets, 6—7 weeks old, were deeply
anesthetized with sodium pentobarbital (30 mg per kg intraperitoneally)
and decapitated. Sagittal slices (300-400 um thick) of the dorsal lateral
geniculate nucleus were maintained in a chamber continuously super-
fused with a solution?® containing 126 mM NaCl, 2.5 mM KCI, 1.2 mM
MgSO,, 1.25 mM NaH,PO,4, 2 mM CaCl,, 26 mM NaHCO;, 10 mM dex-
trose. Solutions were aerated with 95% O,, 5% CO, to pH 7.4. Whole-
cell patch-clamp electrodes were pulled on a Narishige PP-83 puller and
contained 110 mM KGluconate, 10 mM KCI, 10 mM HEPES, 2 mM
MgCl,, 2 mM Na,ATP, 0.2 mM NaGTP, 290 mOsm, pH, 7.25. For record-
ings from rat (2-4 weeks old) hippocampal CA1 cells, gluconate was
replaced by MeSO, to enhance the outward current amplitude underly-
ing the slow AHP. ATP and GTP were freshly added daily from stock
(100-fold concentrated). Calmodulin (20 uM) was added to the pipet
solution when studying Ca2* effects on 1., as this stabilized the upregu-
lation (data not shown). Electrode resistances were 2-3 MQ and yield-
ed series resistances of 5-12 MQ that were electronically compensated
by 32-80% and checked for stability regularly during the experiments.
Particular care for changes in series resistance was applied for slow inward
currents induced by flash photolysis of Ca%*. A liquid junction potential
of 8 mV measured as described*? was taken into account for all the data.

nature neuroscience ¢ volume 2 no 7 ¢ july 1999



#A © 1999 Nature America Inc. » http://neurosci.nature.com

#A © 1999 Nature America Inc. * http://neurosci.nature.com

Thalamocortical cells were visualized with infrared DIC optics using an
upright Axioscope (Zeiss, Germany). Data were collected through an
Axopatch-1D amplifier and a multi-channel encoding device (Neuroda-
ta Instruments), and stored on videotape for off-line analysis. Data were
analyzed with an IBM Pentium computer using pClamp6 software. For
differentiation (Fig. 5), At was 40 ms, corresponding to the sampling
interval, and traces were smoothed. Origin software (\Version 4.1) and
paired or unpaired t-tests were used for data fits and statistical analysis.
Norepinephrine was prepared fresh daily as a 1000-fold concentrated
solution and kept on ice to prevent oxidation. Data are presented as
means * s.e.

Photolysis of caged compounds. Flash photolysis of caged Ca2*, caged
cAMP and diazo-2 was usually achieved by applying UV flashes within
5-10 min after gaining whole-cell access. For flash photolysis of caged
Ca2*, 10 mM DM-Nitrophen (40% Ca?*-loaded) was added to a 280
mOsm solution (Mg2* free). Caged CAMP (100 uM, maximally soluble
concentration) was added from a 100-fold concentrated stock solution
in DMSO. Separate control experiments showed no effect of 1% DMSO
alone on Iy, or the Ca?* or cAMP effects on this current. When up to two
flashes at different time points per experiment were applied, the sequence
was varied to randomize the decreased ability of current injections to
upregulate 1,, due to prior flash-induced release of Ca?* buffer. The Rapp
flashlamp (JML-C1 from HiTech Scientific, UK) delivered single 1 ms
UV flashes and was used for the diazo-2 experiments. The Micropoint
flashlamp (Photonic Instruments, Arlington Heights) delivered repeti-
tive (5-10 Hz, ~6 us) flashes and was used for the caged Ca2* and caged
cAMP experiments. Both lamps were attached to the epifluorescence
pathway of the microscope. DM-Nitrophen, caged cAMP, calmodulin
(bovine brain, high purity), MDL12,330A and KT5720 were from Cal-
biochem, diazo-2 and diazo-3 from Molecular Probes, norepinephrine
from RBI and KMeSO, from ICN Biomedicals Inc. All other chemicals
were from Sigma.
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