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Abstract t 

Thee hyperpolarization-activated current Ih is an important determinant of 
membranee excitability and is rapidly upregulated by direct glutamate stimulation 
(Vann Welie et a/., 2004). Here we report that low-frequency stimulation of proximal 
Schafferr collateral synapses also upregulates Ih in CA1 pyramidal neurons. Upon 
repeatedd 5 Hz stimulation, Ih gradually increased within 5 - 10 minutes after the 
startt of stimulation and during ongoing stimulation, remained upregulated for at 
leastt 30 minutes. High and low concentrations of the slow Ca2+ buffer EGTA were 
usedd to examine the effect of intracellular Ca2+ levels on the increase of Ih. With 
loww internal Ca2+ buffer, Ih increased rapidly to a steady-state level that was 
maintainedd for the duration of the recording. With high internal Ca2+ buffer, Ih 
upregulationn occurred more slowly and gradually in time. After 30 minutes of 
stimulationn however, Ih amplitudes reached similar levels with both high and low 
concentrationss of Ca2+ buffer. The maximal Ih conductance had increased after 30 
minutess of stimulation from 5.1  0.5 nS to 8.3  0.6 nS, with no changes in the 
voltage-dependentt properties of Ih. The increase in Ih decreased the input 
resistancee of CA1 neurons and consequendy reduced membrane excitability in 
responsee to depolarizing current injections. With low Ca2+ buffering, an additional 
effectt on excitability was noted, that caused a type of EPSP-spike potentiation, 
whichh together with the increase in Ih resulted in a net excitability of pyramidal 
neuronss that did not differ from control. These results indicate that low-frequency 
stimulationn of Schaffer collaterals rapidly upregulates Ih and that intracellular Ca2+ 

levelss determine the rate of Ih increase. 

Introduction n 

Thee hyperpolarization-activated current Ih plays an important role in controlling 
membranee excitability and synaptic integration and Ih channels are sensitive to 
intracellularr modulation by signaling pathways (Pape, 1996; Robinson & 
Siegelbaum,, 2002). Recently, we reported that homeostatic modulation of Ih occurs 
inn response to enhanced glutamatergic drive onto rat hippocampal CA1 pyramidal 
neuronss (Van Welie et al, 2004). Ih on the soma of CA1 pyramidal neurons is 
upregulatedd by glutamate stimulation on a time scale of minutes, a mechanism 
mediatedd by AMPA receptor-mediated depolarization and depolarization-induced 
Ca2++ entry. The increase in Ih decreases the excitability of CA1 neurons, and 
thereforee serves as a homeostaticc mechanism to regulate excitability. This is one of 
feww recent findings which describe homeostatic plasticity of intrinsic excitability 
mediatedd by modulation of voltage-gated ion channels (Nelson et a/., 2003; Baines, 
2003). . 
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Inn contrast to rapidly induced homeostatic plasticity of excitability, which is a form 
off  plasticity that compensates for changes in network activity, several studies have 
shownn that rapidly induced plasticity of excitability occurs that reinforces changes 
inn activity (Aizenman & Linden, 2000; Armano et al., 2000; Egorov et al., 2002; 
Cudmoree & Turrigiano, 2004). Together, these studies show that rapid regulation 
off  intrinsic excitability exists in several preparations and in response to various 
stimuli.. The mechanisms involved can have strong implications for how local 
learningg rules are enforced in neuronal networks. For example, several studies that 
focusedd on the underlying mechanisms of synaptic potentiation, reported that 
synapticc potentiation can be accompanied by local changes in membrane 
excitabilityy that involve the modulation of voltage-gated ion channels (Wang et al, 
2003;; Fricker & Johnston, 2001; Frick et al, 2004). It remains an open question 
however,, whether changes in intrinsic excitability that accompany processes of 
synapticc potentiation require high-frequency stimulation or correlated pre-and 
postsynapticc activity to occur or whether such mechanisms can readily be induced 
byy lower and more physiological network activity. 

Therefore,, we investigated whether a low-frequency synaptic stimulation that 
hardlyy affects synaptic properties is able to modulate Ih in an equivalent manner as 
previouslyy shown using direct glutamate application. We report that low-frequency 
stimulationn of Schaffer collaterals rapidly increases Ih in CA1 pyramidal neurons 
andd that the rate of increase is determined by intracellular Ca2+ levels. The 
upregulationn of Ih reflects a change in maximal conductance, with no changes in 
thee voltage-dependent properties of Ih, and serves to reduce membrane excitability. 

Methods s 

PreparationPreparation of slices 

Parasaggitall  slices of the hippocampus (350 fim) were prepared from male 5 - 6 
weekk old Wistar rats (Harlan, Zeist, The Netherlands). Experiments were 
conductedd according to the ethics committee guidelines of animal experimentation 
off  the University of Amsterdam. After decapitation, the brain was rapidly removed 
andd placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 120 
NaCl,, 3.5 KC1, 2.5 CaCl2, 1.3 MgS04, 1.25 NaH2P04, 25 glucose, and 25 
NaHC03,, equilibrated with 95% 02 and 5% C 02 (pH = 7.4). Subsequentiy, slices 
weree cut using a vibroslicer (VT1000S, Leica Microsystems, Nussloch, Germany) 
andd were allowed to recover for 1 hour at 31 °C. 
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ElectrophysiologicalElectrophysiological recordings 

CA11 pyramidal neurons were visualized with an upright Zeiss Axioskop 

(Oberkochen,, Germany) with Dodt modulation contrast optics and with a VX44 

CCDD camera (PCO, Kelheim, Germany). Patch clamp recordings were made at 33 

-- 36 °C. For whole-cell somatic recordings, patch pipettes were pulled from 

borosilicatee glass and had a resistance of 2 - 4 MH when filled with either (in mM): 

1400 K-Gluconate, 10 HEPES, 5 EGTA, 0.5 CaCh, and 2 Mg-ATP (pH = 7.4 with 

KOH),, or: 140 K-Gluconate, 10 HEPES, 0.5 EGTA, and 2 Mg-ATP (pH = 7.4 

withh KOH). Ih was characterized by voltage-clamping cells at -50 mV and evoking 

currentss by hyperpolarizing voltage steps (1 s). Series resistance was 6 - 20 MH 

duringg whole-cell recordings and was compensated for 75 - 80%. Current signals in 

voltagee clamp were acquired at 1 kHz and filtered at 500 Hz and voltage signals in 

currentt clamp were acquired at 10 kHz and filtered at 3.3 kHz using an EPC9 

amplifierr and Pulse 8.31 software (HEKA Electronik, Lambrecht, Germany) run 

onn an Apple Mac G3 computer. No correction was made for liquid junction 

potentials.. A pair of tungsten stimulation electrodes (tip diameter of 1 \iu\, 

separatedd by ~70 |xm) was used to stimulate Schaffer collaterals. The intensity of 

thee bipolar 200 (is stimuli ranged from 100 - 700 \xA and electrodes were placed 

withinn 200 (xm below the stratum pyramidale and near the recorded neuron. 

Extracellularr recordings were made by placing an extracellular recording electrode 

nearr the recording pipette in the stratum pyramidale. 

DataData analysis 

Forr whole-cell experiments, hyperpolarization-activated currents were leak 
correctedd off-line using a custom-made procedure in Igor Pro (Wavemetrics, 
Oregon,, USA). The time constant of activation of Ih was determined by fitting a 
singlee exponential function to the start of current traces. Conductance (G) as a 
functionn of voltage (V) was calculated as follows: 
G(V)=I h(V) / (V-V«v ) ) 
wheree Vrev is the reversal potential of Ih. 
Thee relationship between conductance and voltage was fitted by a Boltzmann 
equation n 
G(V)) = Gmax / l+exp(Vh - V/V c) 
wheree Vh is the potential of half-maximal activation, Vc is the slope parameter and 
Gmaxx is the maximal conductance. Sag ratios were calculated by dividing the 
steady-statee voltage by the peak voltage response to a hyperpolarizing current 
injectionn of 200 pA. The input resistance of neurons was determined from voltage-
responsess at the end of hyperpolarizing current injections. All values are given as 
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meann  SEM. Statistical differences were tested by a paired or unpaired Student's 
/-testt as appropriate. P < 0.05 is used to indicate a significant difference. 

Results s 

LowLow frequency stimulation ofSchaffet Collaterals 

Too study whether electrical stimulation of Schaffer collaterals can induce 
modulationn of Ih, neurons were voltage-clamped at -65 mV and a low-frequency 
stimulationn paradigm was used that consisted of 5 Hz stimulation for 4 seconds, 
repeatedd every 15 seconds. In the time period between stimulation, a l s 
hyperpolarizingg current injection was given to determine Ih amplitude. In current 
clamp,, the intensity of stimuli was set so that subthreshold EPSPs were evoked. 
Duringg the train of 21 EPSPs, there was a slight facilitation of EPSP amplitude and 
thee intensity of die stimuli were adjusted so that all EPSPs were subthreshold, 
includingg the last EPSPs, with an amplitude ranging between 4 - 10 mV (Fig. \A). 
Inn voltage clamp, the same facilitation in EPSC amplitude was noted (Fig. \A). In 
mostt neurons, at a holding potential of -65 mV, a GABAergic inhibitor)7 

componentt was initially present, that was variable in amplitude. In every neuron in 
whichh this component was present, it disappeared in time and after 30 minutes of 
stimulationn it had in most cases entirely disappeared (data not shown). 

Too characterize the effect of the low-frequency stimulation on the field synaptic 
propertiess in the CA1 area, an extracellular electrode recorded field potentials in 
thee stratum pyramidale, which was placed near the recording electrode. Field 
EPSPss generated with each bipolar stimulation within the 4 s stimulations were 
averagedd and EPSP amplitude was followed in time. This showed that compared 
too the mean EPSP (2.3  0.6 mV) recorded during the first 4 sec stimulation, 
EPSPP amplitudes had not increased significantly after approximately 20 minutes of 
stimulationn (2.9  0.3 mV, n — 5, Fig. IB). Thus, this low-frequency stimulation 
paradigmm does not induce a long-lasting change in synaptic properties. 

IntracellularIntracellular Cs?+ levels determine the rate ofIh increase 

Previously,, we have shown that upregulation of Ih can be prevented by use of 
BAPTA,, which is a fast Ca2+ buffer (Van Welie et al, 2004). To investigate further 
howw intracellular Ca2+ levels affect Ih, we used high (5 mM) and low (0.5 mM) 
internall  concentrations of the slow Ca2+ buffer EGTA. In both conditions, low-
frequencyy stimulation resulted in an increase in Ih amplitude (Fig. 2A), but Ih 
increasedd with different rates with high and low internal Ca2+ buffering. 
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Fig.. 1. Low frequency stimulation of Schaffer Collateral synapses 
A.A. The stimulus protocol used to induce Ih upregulation consisted of a 5 Hz stimulation for 4 
secondss that was repeated every 15 seconds. In between stimulations, a hyperpolarizing current 
injectionn was given to determine Ih amplitude. In current clamp (CC) this stimulation evoked 
subthresholdd EPSPs that showed some facilitation during the train, a phenomenon that was also seen 
onn EPSCs in voltage clamp (VC). B. Field potentials during repeated low-frequency stimuli were 
recordedd in the stratum pyramidale. Data points indicate mean  SEM of 6 cells. 

Thus,, with low internal Ca2+ buffer, Ih started to increase within 5 - 10 minutes of 
stimulation,, and reached a steady-state level within 2 - 3 minutes, which was 
consequentlyy maintained throughout the duration of the recording (Fig. 2A). With 
highh Ca2+ buffer, Ih increased more slowly and gradually. In both situations 
however,, normalized Ih amplitudes reached the same level after approximately 25 
minutess of stimulation (at t = 25, low EGTA: -1.43  0.10; high EGTA: -1.39
0.11,»== 5, Fig. 1A). 

Withh low internal Ca2+ buffer, after 30 minutes of stimulation, the EPSP that was 
sett below threshold at the start of stimulation now induced neurons to fire in 
responsee to the same intensity of stimuli as used at the start of stimulation (Fig. 
IB).IB). This effect was present in all neurons tested and did not occur when high 
internall  Ca2+ buffer was used. With high Ca2+ buffer, only a slight increase in 
EPSPP amplitude was noted (Fig. 26). Thus, low postsynaptic Ca2+ buffering during 
repeatedd low-frequency stimulation induces an increase in excitability that leads to 
aa type of EPSP-spike potentiation. 
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Thesee results show that low frequency Schaffer collateral stimulation upregulates Ih 
withh a time-course that is comparable to that found with glutamate-induced 
upregulationn of Ih (Van Welie et al, 2004) and that internal Ca2+ levels determine 
thee rate of Ih increase. 
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Fig.. 2. Intracellular Ca2+ levels determine the rate of Ih increase 
A.A. With both low (0.5 mM, open circles) and high (5 mM, closed circles) internal concentrations of 
thee slow Ca2+ buffer EGTA, low-frequency stimulation increased Ih. The rate of Ih increase however 
differedd considerably between both conditions. Example traces are currents in response to a 
hyperpolarizingg step of -100 mV. Data points indicate the mean  SEM of 5 cells. B. With low 
internall  Ca2+ buffering, previously subthreshold EPSP induced action potentials after 30 minutes of 
stimulation.. Action potentials at t = 30 in the 0.5 mM EGTA condition are reduced for displaying 
purposes.. With high internal Ca2+ buffering, only a slight increase in EPSP amplitude was seen. 
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IncreaseIncrease in Ih reflects an increase in maximal conductance 

Inn both conditions of internal Ca2+ buffering, Ih amplitudes reached similar levels 
afterr 30 minutes of stimulation. We therefore determined the properties of Ih 30 
minutess after the start of stimulation in both conditions and this showed that there 
weree no differences in Ih properties and degree of upregulation with either high or 
loww Ca2+ buffer. Therefore, the results were pooled. From a family of 
hyperpolarizingg current traces (Fig. 3/4), I-V relationships were determined before 
andd after 5 Hz stimulation. This showed that in control condition and after 
stimulation,, the I-V relationship displayed inward rectification and that the 
thresholdd for activation was around -60 mV (Fig. 3B). Conductance of Ih was 
calculatedd as a function of voltage and then fitted with a Boltzmann equation. This 
showedd that the maximal conductance for Ih was 5.1  0.5 nS in control condition, 
whichh increased to 8.3  0.6 nS after 30 minutes of low-frequency stimulation (P < 
0.05,, n — 13, Fig 3Q. The potential of half maximal activation (Vh) and the slope 
parameterr (Vc) did not significantly differ before (-77.9 7 mV and 9.6  0.4 
mV)) and after 5 Hz stimulation (-79.1  2 mV and 9.1  0.2 mV). 

Thee different subunits that underlie Ih display different kinetics (Moosmang et al.y 

2001;; Ishii et a/., 2001; Chen et a/., 2001). To determine whether the increase in Ih 
resultss from subunit specific modulation, we determined the activation kinetics of 
Ihh before and after low-frequency stimulation. Current traces were fitted with a 
singlee exponential function, yielding the time constant of activation as a function 
off  voltage. The rate of Ih activation typically increased with increasing 
hyperpolarization,, but there were no changes in activation kinetics after 5 Hz 
stimulationn (Fig. 3D). 

Thesee results indicate that the synaptically induced upregulation in Ih reflects a 
changee in maximal conductance without changes in the voltage-dependent 
propertiess of Ih. 

UpregulationUpregulation ofIh decreases intrinsic excitability 

Thee effect of increased Ih on intrinsic excitability was investigated by determining 
input-outputt relationships in current clamp mode before and after low-frequency 
stimulation,, after the effects on Ih had been established in voltage-clamp mode. 
Thus,, a range of current injections were given from a resting membrane potential 
off  -65 mV. In control condition, hyperpolarizing current injections were 
accompaniedd by the typical depolarizing sag resulting from the activation of Ih (Fig. 
4/4).. Depolarizing current injections induced firing once threshold was reached 
andd CA1 pyramidal neurons fired up to 34 action potentials/s in response to the 
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Fig.. 3. Increase in Ih reflects an increase in maximal conductance 
A.A. Family of Ih current traces in response to a range of hyperpolarizing steps between -50 and -120 
mVV before and after 30 minutes of low-frequency stimulation. Capacitance transients were reduced 
forr displaying purposes. B. I-V relationship of Ih before (closed circles) and after (open circles) 
stimulation.. C. Mean conductance of Ih as a function of voltage before and after stimulation. D. Time 
constantss of activation of Ih as a function of voltage before and after stimulation. All data points 
representt the mean  SEM of 13 cells. 

largestt current injection of 500 pA. After 30 minutes of stimulation, different 
effectss on excitability were obtained with high and low internal Ca2+ buffer. With 
loww internal EGTA, no change in firing frequency was noted in response to 
depolarizingg current injections (Fig. 4B). With high internal EGTA however, firing 
frequenciess were considerably reduced in response to current injections (Fig. 4B). 
Thee input-output relationship was shifted to the right, indicating an increased 
thresholdd for synaptic activity to evoke action potentials. In both internal Ca2+ 

bufferingg conditions, the increase in Ih decreased the sag ratio (sag ratio decreased 
fromm 0.82  0.02 to 0.74  0.03, n = 13, P < 0.05) and reduced the input resistance 
(fromm 70  3 MQ to 47  3 MQ, n = 13, P < 0.05). The increase in Ih also 
depolarizedd the resting membrane potential (AV: 4 +1 mV, n — 7, P < 0.05). 
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Inn addition, in both conditions, low-frequency stimulation changed the shape of 
actionn potentials. Most notably, stimulation affected the afterhyperpolarization of 
actionn potentials. Thus, after stimulation, the afterhyperpolarization (AHP) was 
reducedd in all neurons tested (Fig. AC). The reduction in AHP, determined from 
thee last action potential during trains of action potentials in response to a current 
injectionn of 250 pA was 4.2  0.4 mV with low Ca2+ buffer and 4.5 3 mV with 
highh Ca2+ buffer. Thus, the reduction in AHP was the same in both conditions. A 
reductionn in AHP can be expected to increase firing frequencies and might 
thereforee partly confound the effects of Ih on firing frequencies. We therefore also 
determinedd the action potential threshold from a depolarizing ramp before and 
afterr 30 minutes of stimulation and noted that it was significantly lower in both 
conditionss after stimulation (AV: 3.4  0.7 mV, n - 13, P < 0.05). 

Togetherr these results suggest that the increase in Ih reduces membrane 
excitability,, but that the stimulus used additionally affected the AHP, therefore 
counteractingg part of the impact of increased Ih on excitability. 

Discussion n 

Previously,, we reported that direct glutamate stimulation results in a rapidly 
inducedd homeostatic modulation of the hyperpolarization-activated Ih current (Van 
Weliee et a/., 2004). This modulation was mediated by AMP A- mediated 
depolarizationn and depolarization-induced Ca2+ influx. Buffering internal Ca2+ by 
thee fast Ca2+ buffer BAPTA delayed the effect for at least 20 minutes. Here we 
reportt that a more physiological, low frequency synaptic stimulus also reliably 
upregulatess Ih. With two different concentrations of slow Ca2+ buffer in the 
internall  solution, we were able to show that intracellular Ca2+ levels determine the 
ratee of Ih increase. With high Ca2+ buffer, Ih is upregulated in a slow but gradual 
manner,, whereas with low Ca2+ buffer Ih reaches a steady-state level within 5 - 10 
minutess of stimulation. With both concentrations of internal Ca2+ buffer however, 
Ihh amplitudes reached similar levels after 30 minutes of stimulation. The 
conductancee of Ih after 30 minutes of stimulation had increased from 5.1  0.5 nS 
too 8.3  0.6 nS, with no change in the voltage-dependent properties of Ih- These 
resultss indicate that stimulation of glutamatergic synapses increases Ih by 
modulatingg its maximal conductance through a Ca2+- dependent mechanism. The 
timetime course of Ih increase is similar to that observed with direct glutamate 
stimulationn (Van Welie et al, 2004), but the increase in Ih was smaller (~2-fold) 
thann observed in cell-attached patches with glutamate stimulation (~8-fold). This 
indicatess that either the change in intracellular Ca2+ levels induced by the two 
methodss differs considerably or that there is a partial washout of an intermediate 
effectorr molecule in the whole-cell configuration. 
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Fig.. 4. Effects of low-frequency stimulation on membrane excitability 
A.A. Voltage response of CA1 pyramidal neurons in response to a hyperpolarizing current injection 
(2000 pA) and a depolarizing current injection (200 pA) with either low internal EGTA or high 
internall  EGTA before and after 30 minutes of stimulation. B. Input-output curves before (closed 
circles)) and after (open circles) synaptic stimulation with high- and low EGTA in the intracellular 
solution.. Data points represent mean + SEM of 4-5 cells. C. The AHP of action potentials decreased 
inn size after low-frequency stimulation in both conditions of internal Ca2*  buffering. Action 
potentialss were reduced for displaying purposes. 
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Withh low internal EGTA, apart from the effect of increased Ih, an additional effect 
onn intrinsic excitability was observed that lead to an increase in excitability and 
inducedd a type of EPSP-spike potentiation. Previously reported phenomena of 
EPSP-spikee potentiation in the hippocampus required both pre-and postsynaptic 
activityy to occur (Andersen eta/., 1980; Abraham eta/., 1987; Jester eta/., 1995). The 
phenomenonn we report indicates no requirement for pre-and postsynaptic activity 
too produce some type of EPSP-spike potentiation. The underlying mechanism of 
EPSP-spikee potentiation has been a topic of controversy. It has been suggested to 
reflectt a change in the balance of excitation/inhibition (Abraham et a/.y 1987; 
Chavez-Noriega,, 1989; Lu et a/., 2000) and/or by a change in intrinsic excitability 
(Taubee & Schwartzkroin, 1988; Daoudal eta/., 2002). Since in the presence of high 
Ca2++ buffer, there was only a slight increase in EPSP amplitude in time, the 
increasedd probability of firing that we observed was most likely due to some 
postsynapticc modification mediated by internal Ca2+ levels. It is therefore apparent 
thatt low-frequency stimulation can induce multiple effects on excitability and that 
ionn channels other than Ih are probably also affected by the stimulus, among which 
ionn currents responsible for the generation of AHPs. Future studies will have to 
reveall  whether the mechanism of increased excitability we observed here is related 
too the mechanisms employed by EPSP-spike potentiation induced by high-
frequencyy stimulation. 

I tt has been proposed however, that long-lasting regulation of Ih determines the 
expressionn of EPSP-spike potentiation (Daoudal & Debanne, 2003). Also, it has 
beenn suggested that a local upregulation of Ih channels is associated with high-
frequencyy stimulation induced synaptic potentiation (Fricker & Johnston, 2001). In 
contrast,, a down-regulation of Ih channels associated with long-term synaptic 
potentiationn has also been suggested (Wang et a/., 2003). Although the induction 
protocolss used and the phenomena induced in these studies are quite different 
fromm what we report in this study, our data suggest that modulation of Ih does not 
necessarilyy bear any causal relation to either EPSP-spike potentiation or LTP. 
Instead,, it appears that Ih can already be modulated by rises in intracellular Ca2+ 

inducedd by a low-frequency stimulation paradigm that does not induce long-lasting 
changess in synaptic properties (Fig. IB). 

Thee low frequency stimulus used in this study is in the physiological range, since 
duringg exploration activity in the awake animal as well as during rapid eye 
movementt (REM) sleep, neurons in the hippocampal formation and the entorhinal 
cortexx discharge in rhythmic 4 - 12 Hz (theta) oscillations (Buszaki, 2002). It 
thereforee seems plausible that modulation of Ih in CA1 pyramidal neurons could 
potentiallyy occur in response to synchronized oscillations in the entorhinal cortex 
andd hippocampal formation. Since upregulation of Ih reduces excitability in 
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responsee to excitatory input, this could be a powerful mechanism to stabilize the 
activityy of CA1 pyramidal neurons in a network with continuously fluctuating 
activityy levels. 

Inn conclusion, we have shown that in addition to direct glutamate stimulation, a 
physiologicallyy relevant low-frequency synaptic stimulus upregulates somatic Ih and 
thatt the rate of Ih increase depends on intracellular Ca2+ levels. We propose that 
plasticityy of intrinsic excitability by modulation of Ih serves to stabilize neuronal 
functionn and together with mechanisms of synaptic plasticity perhaps contributes 
too enforce local learning rules in neuronal networks. 
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