
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Activity-dependent plasticity of neuronal excitability a role for short-term
modulation of voltage-gated ion channels in neuronal function

van Welie, I.

Publication date
2004

Link to publication

Citation for published version (APA):
van Welie, I. (2004). Activity-dependent plasticity of neuronal excitability a role for short-term
modulation of voltage-gated ion channels in neuronal function. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/activitydependent-plasticity-of-neuronal-excitability-a-role-for-shortterm-modulation-of-voltagegated-ion-channels-in-neuronal-function(20a1b210-182c-499c-8e75-c67cfc333591).html


CHAPTE RR 2 

Homeostaticc scaling of neuronal excitability by 
synapticc modulation of somatic hyperpolarization-
activatedd Ih channels 

IngridvanIngridvan Welie, Johannes A. van Hooft & WytseJ. Wadman 

Proc.Proc. Natl. Acad. Set. U. S. A. 101 (14), 5123-5128 





ChapterChapter 2 

Abstract t 

Thee hyperpolarization-activated cation current Ih plays an important role in 
determiningg membrane potential and firing characteristics of neurons and 
thereforee is a potential target for regulation of intrinsic excitability. Here we show 
thatt an increase in AMPA-receptor dependent synaptic activity induced by (X-
latrotoxinn (a-LTX) or glutamate application as well as direct depolarization results 
inn an increase in Ih recorded from cell-attached patches in hippocampal CA1 
pyramidall  neurons. This mechanism requires Ca2+ influx but not increased levels of 
cAMP.. Artificiall y increasing Ih using a dynamic clamp during whole-cell current 
clampp recordings results in reduced firing rates in response to depolarizing current 
injections.. We conclude that modulation of somatic Ih represents a novel 
mechanismm of homeostatic plasticity, allowing a neuron to control its excitability in 
responsee to changes in synaptic activity on a relatively short-term time scale. 

Introductio n n 

Thee intrinsic excitability of neurons determines the translation from synaptic input 
too axonal output. Regulation of intrinsic excitability may therefore constitute a 
formm of cellular plasticity that controls the dynamic range of the input-output 
relationship.. Such a mechanism of cellular plasticity may exist in parallel to 
synapse-specificc mechanisms of plasticity like long-term potentiation and long-
termm depression. There is increasing evidence for the existence of mechanisms of 
plasticityy that are not synapse-specific, but act at the cellular level (Marder et a/., 
1996;; Turrigiano, 1999; Burrone et a/., 2002). Long-lasting changes in synaptic 
activityy over several days have been shown to modulate the intrinsic voltage-gated 
ionicc conductances that shape neuronal firing patterns (Turrigiano et a/., 1995; 
Desaii  et a/., 1999; Baines et a/., 2001). Modulation of voltage-gated conductances 
occurringg at a time scale of hours has also been reported (Golowasch et a/., 1999; 
Aizenmann eta/., 2003). However, under physiological conditions, where the level of 
synapticc activity can change quickly, modulation of somatic voltage-gated 
conductancess may be a potent mechanism to regulate excitability. It is unknown 
howeverr whether such a mechanism of plasticity exists on a relatively short-term 
timetime scale. 

Hyperpolarization-activatedd cation channels (Ih) are a subset of voltage-gated 
channelss that are important in determining intrinsic excitability. Ih channels, which 
aree permeable to both Na+ and K+ ions, operate in the subthreshold voltage range 
wheree they influence membrane potential, firing threshold and firing patterns as 
welll  as synaptic integration (Hille, 2001; Macaferri et a/., 1993; Pape, 1996; 
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Robinsonn & Siegelbaum, 2002; Magee, 1998; Magee, 1999). Here we show that 
somaticc Ih channels in rat hippocampal CA1 pyramidal neurons are subject to 
modulationn by an enhancement of synaptic activity on a time scale of tens of 
minutess and that this modulation reduces the excitability of these neurons. 

Methods s 

SliceSlice preparation and electrophysiology 

Parasaggitall  hippocampal slices (250 \xm) were prepared from 14- to 28-day-old 
malee Wistar rats (Harlan, Zeist, The Netherlands). Experiments were conducted 
accordingg to the ethics committee guidelines for animal experimentation of the 
Universityy of Amsterdam. After decapitation, the brain was rapidly removed and 
placedd in ice-cold artificial cerebrospinal fluid (ACSF) containing 120 mM NaCl, 
3.55 mM KC1, 2.5 mM CaCl2, 1.3 mM MgS04, 1.25 mM NaH2P04, 25 mM glucose, 
andd 25 mM NaHC03, equilibrated with 95% 02 and 5% C 02 (pH 7.4). 
Subsequendy,, slices were cut using a vibroslicer (752 M, Campden Instruments, 
Loughborough,, UK) and allowed to recover for 1 h at 31 °C. CA1 pyramidal 
neuronss were visualized with an upright Zeiss Axioskop with Hoffman modulation 
contrastt optics (Oberkochen, Germany) and a VX44 charge-coupled device 
cameraa (PCO, Kelheim, Germany). During voltage clamp experiments, slices were 
continuouslyy supervised with ACSF supplemented with 1 JJM tetrodotoxin 
(Latoxan,, Valence, France). Patch clamp recordings were made at room 
temperature. . 

Forr whole-cell voltage and current clamp experiments, patch pipettes were pulled 
fromm borosilicate glass and had a resistance of 2 - 4 MH when filled with 140 mM 
potassiumm gluconate, 10 mM Hepes, 5 mM EGT A, 0.5 mM CaCl2, 2 mM Mg-
ATP,, and 10 mM sucrose (pH 7.4 with KOH). In whole-cell voltage clamp 
experiments,, Ih channels in the somatic compartment (defined as the soma 
togetherr with the basal dendrites and the initial segment of the apical dendrite) 
weree isolated from the majority of dendritic Ih channels by placing a cut in stratum 
radiatumm parallel to the CA1 pyramidal cell layer, under the visual guidance of a 
dissectingg microscope. The distance of the cut from the pyramidal cell layer was 
determinedd once slices were placed into the recording chamber, and ranged from 
800 to 120 nm. Currents were activated by hyperpolarizing voltage steps (1000 ms) 
fromm a holding potential of —50 mV. Series resistance was compensated for 80%. 
Currentt signals in voltage clamp were filtered at 333 Hz and sampled at 1 kHz 
usingg an EPC9 amplifier and Pulse 8.31 software (HEKA Electronik, Lambrecht, 
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Germany).. Voltage signals in current clamp were filtered at 3.33 kHz and sampled 
att 10 kHz. 

Forr experiments in the cell-attached configuration, patch pipettes were pulled from 
borosilicatee glass and had a resistance of 1.5 - 3 Mfiwhen filled with 120 mM 
NaCl,, 10 mM Hepes, 3 mM KC1, 1 mM MgCl2, and 1 ^M tetrodotoxin (pH 7.4 
withh NaOH). Note that in the cell-attached configuration, the pipette potential and 
thee resting membrane potential are positioned in series to form the local 
transmembranee potential over the patch, i.e. a pipette potential of 0 mV refers to 
thee resting membrane potential. In this recording configuration, applying a positive 
pipettee potential results in membrane hyperpolarization and applying a negative 
pipettee potential results in membrane depolarization, exactly opposite to sign 
conventionss in the whole-cell configuration. In the text and figures, we give 
membranee potentials relative to the resting membrane potential, but we use the 
standardd sign convention that negative potentials indicate a hyperpolarization and 
positivee potentials indicate a depolarization. Currents were evoked by 
hyperpolarizingg voltage steps (1000 ms) from a relative membrane potential of +20 
mV. . 

Too enhance synaptic activity, a-latrotoxin (a-LTX; dissolved in 50% glycerol, final 

concentrationn 0.15 nM in ACSF) was bath applied for 15 - 25 min (Capogna et al., 

1996).. The enhancement of synaptic activity by a-LTX was confirmed by separate 

experimentss in which miniature synaptic events were recorded in whole-cell 

voltagee clamp mode. Glutamate (100 |xM), y-aminobutyric acid (GABA, 100 \xM), 

ACSFF or KC1 (50 mM) were locally applied from a second pipette connected to a 

picospritzerr (General Valve, Fairfield, NJ) by short and repeated pressure 

applicationss of 100 ms for 4 s at 5 Hz at 10 s intervals. Hyperpolarization-activated 

currentss were recorded in the 10-s intervals. 

Too modulate intracellular Ca2+ levels, slices were incubated for 1 h with the 

membrane-permeablee Ca2+ chelator BAPTA-AM (dissolved in DMSO and diluted 

too a concentration of 50 \iM in ACSF; final DMSO concentration 0.05%). To 

blockk both low- and high-voltage-activated Ca2+ channels, Ni2+ (100 (J.M) and Cd2+ 

(1000 \iM) were bath-applied. Glutamatergic AMPA and NMDA receptors were 

blockedd with 50 |iM 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX) and 

1000 ^M of D(-)-2-amino-5-phosphonopentanoic acid (AP5). To assess the 

involvementt of cAMP, slices were incubated for 30 minutes with 8-

bromoadenosinee 3 \5'-cyclic monophosphate (8-Br-cAMP, 500 p.M) and 8-(4-

chlorophenylthio)) adenosine 3 ",5 s -cyclic monophosphate (500 \xM), To block Ih 
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channels,, ZD7288 (50 \xM) was bath applied during whole-cell experiments, and 
includedd in the pipette solution during cell-attached experiments. Chemicals were 
purchasedd from Sigma, Tocris or Molecular Probes. 

DynamicDynamic clamp 

Thee functional consequences of changes in Ih at the soma were investigated in 
whole-celll  current clamp recordings by using a dynamic clamp to artificially 
manipulatee the amplitude of Ih. A personal computer with data acquisition card 
(Nationall  Instruments, Austin, TX) sampled membrane voltage at 5 kHz and 
injectedd Ih with the same sampling rate. The voltage dependence of Ih was taken 
fromm the fit to Ih from our experiments (with V in mV): 

I h ( V ) == -. r-. The amplitude (Ihmax) was controlled bv the external 

stimuluss input of the HEKA amplifier. Rate constants (x(V) ~ 
1+exnff — 

8.3 3 
0.244 i ^ „ _ : i .̂u^  J.: ^ „ ^  ~- / \7\ _ 1 

0.071 1 

i W v + 1 08 8 

a ndd P ( V ) = 11 cxpf  V + 2 6 - 5 l  d e t e m l n ed t h e Ü m e C ° n S t a n tS T ( V ) = a(V)+|3(V) 

forr activation and deactivation. They were fit to the voltage range given in (Magee, 
1998)) and, after correction for temperature and Na+ concentration, matched to our 
ownn data set. To attain a fast and uniform response time of the real-time computer 
model,, the functions were tabulated with the 12-bit input and output resolution of 
thee hardware system. The properties of Ih in the dynamic clamp model were 
verifiedd in voltage clamp mode. 

Analysis Analysis 

Ihh recorded in the cell-attached configuration was leak corrected by using an online 
leakk subtraction protocol (P/4) in which leak pulses were determined from a 
relativee holding potential of +20 mV to a range of relative membrane potentials 
betweenn +22.5 and -20 mV. Current amplitude was determined as the mean value 
att 750 - 850 ms after the start of hyperpolarizing voltage steps. The time constant 
off  activation of Ih was determined by fitting a single exponential function to the 
startt of current traces. All values are given as mean  SEM. Statistical differences 
weree tested by nonparametric Mann-Whitney test or by Student's /-test. P < 0.05 
wass used to indicate a significant difference. 
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Results s 

CharacterizationCharacterization ofIhin the somatic compartment of CA1 pyramidal 

neurons neurons 

Hyperpolarization-activatedd currents were recorded in the whole-cell voltage clamp 
configurationn from CA1 pyramidal neurons in hippocampal slices. Because of the 
highh density of Ih channels in the distal dendrites of these neurons (Magee, 1998; 
Magee,, 1999; Poolos eta/., 2002; Lörincz eta/., 2002), somatic Ih was isolated from 
thee majority of dendritic Ih by cutting off the dendrites in the slices (see Methods). 
Stepp hyperpolarizations from a holding potential of -50 mV resulted in slowly 
activatingg inward currents (Fig. \A), which were blocked in the presence of 50 |uM 
2D72888 (Fig. \A). Ih was isolated by subtracting current traces before and after 
applicationn of ZD7288 (Fig. 1A). The I-V curve of somatic Ih displayed inward 
rectificationn and a threshold of activation of around -60 mV (Fig. IB). The 
activationn curve for somatic Ih was generated by determining tail current 
amplitudess and fitting the normalized amplitudes with a Boltzmann equation (Fig. 
\B\B Inset). The voltage-dependency of activation showed a voltage of half-maximal 
activationn of -86  2 mV and a slope parameter of 9.3  0.9 mV {n — 4). Somatic 
Ihh showed a typical slow activation time course (100 - 400 ms) that became faster 
withh deeper hyperpolarization (Fig. 1C) and Ih did not inactivate over a time period 
off  1000 ms. 

EnhancedEnhanced synaptic activity increases somatic Ih 

Too study whether synaptic activity can modulate Ih, a non-selective increase in 

synapticc activity in intact slices was induced by bath application of 0.15 nM a-LTX 

inn the presence of 1 |xM tetrodotoxin. Because Ih is highly sensitive to modulation 

byy intracellular components (Pape, 1996; Robinson & Siegelbaum, 2002), Ih was 

recordedd from somatic cell-attached patches of CA1 pyramidal neurons. 

Hyperpolarizingg voltage steps were applied from a relative membrane potential of 

+200 mV. Under control conditions, stepping to a relative membrane potential o f-

600 mV resulted in litde inward current (4  1 pA, Fig. 2B). Bath application of a-

LTXX for 15 - 25 minutes enhanced the synaptic activity in the slice throughout the 

durationn of recordings (Fig. 2A Inset). In 10 of 13 somatic patches, the enhanced 

synapticc activity increased the amplitude of Ih at a relative membrane potential o f-

600 mV approximately 8-fold to a mean value of 31 7 pA (P < 0.05, compared to 

control).. In the other three patches, no change in Ih amplitude was seen. The I-V 

curvee of Ih in the presence of a-LTX displayed inward rectification and a threshold 

forr activation at a relative membrane potential of ~0 mV, which corresponds to 
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thee cell's resting membrane potential (Fig. 2B). Tail current amplitudes of cell-
attachedd Ih were too small to accurately determine the voltage dependence of 
activation.. The cell-attached Ih had a slow time course of activation (300 - 900 ms), 
whichh became faster with deeper hyperpolarization (Fig. 2C~) and Ih showed no 
inactivation.. These results demonstrate that a period of enhanced synaptic activity 
inn the slice increases Ih on the soma of CA1 pyramidal neurons. 

Control l ++ ZD7288 

Controll - ZD7288 

BB Membrane potential (mV) 
-120-110-100-900 -80 -70 -60 

-120 0 -50 0 

-2000 1

-2500 """ 

- ii  1 1 1 1— 

-1200 -110 -100 -90 -80 
Membranee potential (mV) 

066 1 
0.44 § 

0.22 9} 

Fig.. 1. Characterization of somatic Ih in CA1 pyramidal neurons 
A..A.. Hyperpolarization-activated currents recorded in whole-cell mode with the majority- of the 

dendritess cut off. Currents were evoked by stepping from a holding potential of -50 mV to 

membranee potentials ranging from -60 to -120 mV in 10 mV decrements. Bath application of 50 uM 

ZD72888 blocked slow hvperpolanzation-activated currents and Ih was isolated by subtracting current 

tracess before and after addition of ZD7288. (Scale bars, 250 pA and 200 ms.) B. I-V relationship of 

somaticc Ih. (Inset) Boltzmann fit to the normalized current activation as a function of membrane 

potentiall  generated from tail current amplitudes measured 20 ms after step repolarization. C. Time 

constantt of activation of Ih, as determined by fitting a single exponential function to the rising phase 

off  current traces (Inset). (Scale bars, 100 pA and 100 ms.) Data represent mean  SEM of 4 - 5 cells. 
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Control l 
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Fig.. 2. Enhancement of synaptic activity by a-LT X induces an increase in somatic Ih 

A.A. Ih before (upper) and after (lower) bath application of 0.15 nM a-LTX for 15-25 min in the same 

cell.. Currents were recorded from somatic cell-attached patches of CA1 pyramidal neurons with 

intactt dendrites and were evoked by step hyperpolarizations from a relative membrane potential of 

+200 mV to potentials ranging from +30 to —60 in 10 mV decrements. (Scale bars, 25 pA and 250 

ms.)) Cartoons on the left are schematic representations of the recording configuration in the absence 

(upper)) and presence (lower) of a-LTX. Below cartoons, example traces of miniature synaptic events 

recordedd in a separate whole-cell experiment at a holding potential of -60 mV (Scale bars, 5 pA and 

2000 ms.) B. I-V curve of Ih before (filled symbols) and after (open symbols) bath application of a-

LTX .. C. Activation kinetics of Ih. A single exponential function (solid line in inset) was fitted to the 

risingg phase of Ih. (Inset) Example trace recorded at a relative membrane potential of -60 mV. (Scale 

bars,, 20 pA and 100 ms.) Data points represent mean  SEM of 6 - 10 cells. 

EnhancedEnhanced glutamatergic, but not GABAergic, activity increases 

somaticsomatic Ih 

Becausee the majority of synaptic terminals targeting CA1 pyramidal neurons are 
glutamatergic,, we determined whether glutamate mediates the activity-induced 
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increasee in Ih. Bath application of the AMPA receptor antagonist CNQX (50 (xM), 

subsequentt to inducing the a-LTX effect on Ih, reversed the increase in Ih 

amplitudee (Fig. 3A), suggesting a requirement for prolonged enhanced 

glutamatergicc activity via AMPA receptors in the a-LTX-induced effect. 

Therefore,, we studied whether direct pressure application of glutamate could 

mimicc the effect of a-LTX on Ih. Glutamate (100 [iM)  was applied by using short 

andd repetitive pressure application from a second pipette near the soma of the 

neuronn under investigation. Within 10 minutes of application, in 7 out of 9 

Relativee membrane potential (mV) 

-400 -20 0 +20 

a-LTX X 

B B 

< < 
-a -a 

Q. . 
E E < < 

0' ' 

•20 0 

-40 0 

-60 0 

1000 "M GABA 

""Xr^rr*""Xr^rr* 100 nM Glutamate 

Timee (min) 
55 10 15 20 25 30 

•• Glutamate 
oo +ZD7288 
OGABA A 

Fig.. 3. Enhanced glutamatergic activit y increases Ih 

A.A. I-V curve of cell-attached Ih recorded in the presence of 0.15 nM a-LTX (filled symbols) and after 

subsequentt bath application of the AMPA receptor antagonist CNQX (50 uM, open symbols). 

(Inset)) Current traces, recorded by stepping to a relative membrane potential of —60 mV in the 

presencee of a-LTX (lower) and after addition of CNQX (upper). (Scale bars, 20 pA and 250 ms.) B. 

Glutamatee or GABA was applied near the soma by short and repeated pressure application. Pressure 

applicationn of 100 [iM glutamate (filled circles) gradually increased the amplitude of Ih, whereas 

applicationn of 100 (xM GABA (open circles) had no detectable effect. Including 50 u,M ZD7288 

(openn squares) in the pipette solution prevented the increase in Ih. The cartoon is a schematic 

representationn of the recording configuration. Example current traces are shown that were recorded 

byy stepping to a relative membrane potential of —60 mV after glutamate (lower) and GABA (upper) 

application.. (Scale bars, 10 pA and 250 ms.) Data points represent mean  SEM of 4 - 7 cells. 
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patches,, glutamate induced a gradual increase in Ih amplitude recorded at a relative 
membranee potential of -60 mV from 1  1 pA to 36  8 pA at 30 minutes after 
thee start of glutamate application (P < 0.05 compared with control, Fig. 3B). In 
twoo patches, no change in Ih amplitude was seen. The gradual increase in Ih was 
preventedd by including 50 (iM ZD7288 in the pipette solution (1  1 pA at t = 30, 
nn — 7, Fig. 3£). Control recordings in which ACSF was pressure-applied did not 
showw an increase in Ih (5  4 pA at t = 30, n - 5, data not shown). Pressure 
applicationn of the inhibitory neurotransmitter GABA (100 |iM) had no detectable 
effectt on Ih (1  1 pA at t = 30, n - 5, Fig. 3B). This result suggests that up-
regulationn of Ih is specifically related to enhanced excitatory glutamatergic but not 
too inhibitory GABAergic activity, although decreases in Ih could escape detection. 

AMPA-receptorAMPA-receptor mediated depolarization and a rise in intracellular 
CaCa22** concentration ([Ca2*]) are required for the increase in Ih 

Thee underlying mechanism of the glutamate-induced increase in Ih was further 

investigated.. In the continuous presence of 50 \xM CNQX, the glutamate-induced 

increasee in Ih amplitude was entirely prevented (Fig. AA). In the presence of 100 

\iM\iM  D(-)-2-amino-5-phosphonopentanoic acid, the glutamate-induced increase in 

Ihh was delayed and reduced in amplitude to approximately 30 - 50% (Fig. 4A), 

Thesee findings indicate that AMPA receptor activation alone can initiate the 

glutamate-inducedd increase in Ih, and that NMDA receptor activation has an 

additivee effect. 

Applicationn of glutamate will depolarize the cell, a finding confirmed by separate 
whole-celll  recordings showing that glutamate puffs induced a transient 
depolarizationn of 19  3 mV (n = 4). To test whether direct depolarization also 
modulatess Ih, we applied puffs of KC1 (50 mM) near the soma of neurons causing 
inn whole-cell experiments a transient depolarization of 18  3 mV {n — 4). In 4 of 
55 cell-attached patches, puffs of KC1 increased Ih with a similar time course as the 
glutamatee puffs. The mean amplitude of Ih at a relative membrane potential of -60 
mVV after 30 minutes of KC1 application was 120  12 pA {n - 5, data not shown). 

Becausee AMPA receptor-mediated depolarization and direct depolarization are 

likelyy to cause Ca2+ influx through voltage-gated Ca2+ channels, we studied the role 

off  intracellular Ca2+ in the modulation of Ih- In the presence of Ni2+ (100 (J.M) and 

Cd2++ (100 (J.M), which block both low- and high-voltage-activated Ca2+ channels, 

glutamatee application failed to induce an increase in Ih amplitude (Fig. 4B), 

suggestingg that a rise in intracellular Ca2+ via voltage-gated Ca2+ channels is 

requiredd for the modulation of Ih. This result was corroborated by the finding that 
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bufferingg of [Ca2*] ; by incubating slices with the membrane-permeable analogue of 

thee high affinity Ca2+ chelator BAPTA (50 |lM), prevented the increase in Ih for up 

too 20 min after the start of glutamate application (Fig. 413). 

Ihh channels are susceptible to modulation by cAMP (McCormick & Pape, 1990; 
Ingramm & Williams, 1996; Luthi & McCormick, 1999; Pedarzam & Storm, 1995). 
Too investigate the involvement of cAMP in the increase in Ih, we incubated slices 
withh the membrane-permeable analogues 8-bromoadenosine 3',5'-cyclic 
monophosphatee (8-Br-cAMP, 500 uM) and 8-(4-chlorophenylthio) adenosine 
3',5'-cyclicc monophosphate (500 \xM). After incubating slices for 30 minutes with 
eitherr 8-Br-cAMP or 8-(4-chlorophenylthio) adenosine 3',5'-cyclic 
monophosphate,, recordings from cell-attached patches showed an mean Ih 
amplitudee at a relative membrane potential of —60 mV of 3  1 pA (8-Br-cAMP, n 

—— 8) and 2  1 pA (8-(4-chlorophenylthio) adenosine 3',5~-cyclic monophosphate, 
nn — 3), which is not significantly different from control amplitudes, suggesting that 
ann elevation of cAMP is not sufficient to induce an increase in cell-attached Ih and 
thatt the 8-fold increase in Ih induced by glutamate is likely to be mediated by a 
cAMP-independentt mechanism. 

AA Time (min) R Time (min) 

Fig.. 4. AMP A receptor  activation and a rise in [Ca2+] j  are required for  the glutamate-induced 

increasee in Ih 

A.A. Time course of the amplitude of Ih, recorded at a relative membrane potential of -60 mV during 

applicationn of 100 uM glutamate (filled circles). In the continuous presence of 50 uM CNQX (open 

squares),, the glutamate-induced increase in Ih was absent, whereas in the continuous presence of 100 

uMM D(-)-2-amino-5-phosphonopentanoic acid (AP5, open circles), the increase in Ih was reduced and 

itss onset delayed. B. The continuous presence of 100 uM Ni2+ and 100 U.M Cd2+ (open squares) 

preventedd the increase in Ih. The effect of glutamate on Ih was prevented for up to 20 minutes after 

thee start of glutamate application by loading the cells with 50 uM BAPTA-AM to buffer intracellular 

Ca2++ (open circles). Data points represent mean + SEM of 4 - 7 cells. 
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IncreasedIncreased Ih reduces intrinsic excitability 

Givenn the pivotal role of Ih in determining intrinsic excitability, we set out to 
determinee the functional consequences of changes in somatic Ih on the firing 
behaviorr of CA1 pyramidal neurons. To effectively control the amplitude of Ih at 
thee soma during whole-cell current clamp recordings, we used a dynamic clamp to 
artificiallyy change Ih- Under control conditions, hyperpolarizing current injections 
evokedd a hyperpolarization with a characteristic depolarizing sag reflecting the slow 
activationn of Ih (Fig. SA). In response to increasing depolarizing current injections, 
neuronss fired with rates of up to 29 spikes per s. When the endogenous Ih was 
counteractedd by the dynamic clamp, the depolarizing sag was obliterated, and firing 
ratess tended to increase (Fig. 5A). Conversely, increasing Ih with the dynamic 
clampp resulted in a more pronounced depolarizing sag on hyperpolarization and 
stronglyy decreased firing rates in response to depolarizing current injections (Fig. 
5A). 5A). 

Changess in Ih will affect the input resistance of the neuron; therefore, the input 

resistancee was determined from hyperpolarizing current injections (-200 to —50 

pA)) by using the slope of the I-V relationship in the linear range. Artificiall y 

counteractingg the endogenous somatic Ih increased the input resistance from 100 + 

133 MQ to 144  28 MQ (n — 3), whereas increasing Ih decreased the input 

resistancee (Fig. 5B). The glutamate-induced increase in Ih found in the cell-attached 

recordingss was approximately 2 -8 fold over the entire voltage range (see Fig. 2B). 

Therefore,, we increased the amplitude of Ih by a factor of 3, 6 or 9 times the mean 

Ihh amplitude in the somatic compartment as recorded in separate whole-cell 

voltagee clamp recordings (see Fig. 1). In the control situation, the average input 

resistancee was 102  9 MQ, which decreased to 74  5 MQ with 3x Ih, to 65  3 

MQQ with 6x Ih and to 58  2 MQ with 9x Ih (P < 0.05, « = 6 in all cases). 

Thee effect of increased Ih on firing rate was expressed as the percentage of control. 
Fig.. 5C shows that increasing Ih 6 or 9 times decreased firing rates over the entire 
rangee of current injections. The largest effect was found with the smallest current 
injections,, indicating that Ih most strongly affects firing rates at membrane 
potentialss that are relatively close to resting membrane potential. The relationship 
betweenn firing rate and injected current, the input-output relationship, is shifted to 
thee right as illustrated in Fig. 5D for the condition with 9x Ih. These results indicate 
thatt because of the reduced input resistance with increased Ih, a larger current 
injectionn is required to achieve a certain firing rate. 
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Fig.. 5. Increased Ih reduces intrinsi c excitability of CA1 pyramidal neurons 
A.A. Firing responses to a depolarizing (175 pA) current injection and hyperpolarizing (-50, -125 and -
2000 pA) current injections. Counteracting Ih by using a dynamic clamp abolished the depolarizing sag 
andd tended to increase firing rate, whereas increasing Ih resulted in a more prominent sag and 
decreasedd firing rate. A DC current was used to set the resting membrane potential at —60 mV. (Scale 
bars,, 50 mV and 200 ras.) B. Input resistance was calculated from the linear range (-200 to -50 pA) of 
I-VV relationships determined at the end of voltage traces in control situation (filled circles), with 
counteractedd It, (triangles) and with increased Ih (open circles). C. Firing rates in response to 
depolarizingg current injections expressed as the percentage of control firing rates. Three different 
levelss of Ih were used: 3x (triangles), 6x (filled circles) and 9x (open circles) the average somatic Ih as 
determinedd from separate whole-cell voltage clamp recordings (see Fig. 1). Asterisks indicate 
significantt differences from control. D. Firing rate as a function of depolarizing current injection for 
9xx Ih. Compared with control (filled symbols), the input-output relationship is shifted to the right 
withh increased Ih (open symbols). E. Firing rate as a function of the membrane potential in a separate 
sett of experiments in which no DC current was applied in control situation (closed symbols) and with 
increasedd Ii, (open symbols). With increased Ih, the input-output relationship is shifted toward more 
depolarizedd potentials. Data points represent mean  SEM of 5 - 6 cells. 

Inn all of these experiments, a DC current was injected to keep resting membrane 
potentialss at -60 mV. However, under physiological conditions, increased Ih will 
alsoo affect resting membrane potential and cause a small depolarization. A separate 
sett of experiments was performed in which neurons were allowed to depolarize as 
aa result of the increase of Ih. The depolarization amounted to 5 + 1 mV for 3x Ih, 9 
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 1 mV for 6x Ih and 12  1 mV for 9x Ih (P < 0.05, n - 5 in all cases). Plotting 
thee firing rate as a function of the voltage (the sum of the membrane potential and 
thee depolarization induced over the decreased input resistance) showed that the 
dynamicc range of the input-output relationship was shifted toward more 
depolarizedd potentials (Fig. 5E). Thus, the two parameters that are associated with 
ann increase in Ih (a decreased input resistance and a depolarization) together shift 
thee output range of CA1 pyramidal neurons in such a way that a higher level of 
excitationn is required to reach a certain firing rate. The increase in Ih on enhanced 
excitatoryy synaptic activity can therefore serve as a homeostatic mechanism to 
controll  intrinsic excitability. 

Discussion n 

Ourr experiments demonstrate that an enhancement of glutamatergic synaptic 
activityy gradually increases the amplitude of Ih at the soma of hippocampal CA1 
pyramidall  neurons on a time scale of tens of minutes. This modulation depends on 
AMPA-receptor-mediatedd depolarization and on a rise of [Ca2+]i and it appears to 
bee cAMP-independent. Increasing Ih by using the dynamic clamp showed that 
increasedd Ih shifts the input-output relationship towards more depolarized 
potentialss and that this mechanism can therefore serve as a homeostatic 
mechanismm in response to enhanced excitatory synaptic activity. It has previously 
beenn shown that long-lasting changes in synaptic activity modulate voltage-gated 
conductancess at a time-scale of hours to days (Turrigiano et a/., 1995; Desai et al, 
1999;; Baines et al, 2001; Golowasch et al., 1999; Aizenman et al., 2003). Together 
withh other recent studies (Aizenman & Linden, 2000; Egorov et al., 2002; Nelson et 
al.,al., 2003), the results described here suggest that more rapid mechanisms of cellular 
plasticityy also exist. To our knowledge however, this is the first study that reports 
directt evidence for a homeostatic modulation of voltage-gated conductances on a 
relativelyy short-term time scale. 

Thee effect of enhanced synaptic activity on Ih amplitude was specifically related to 
glutamatergicc excitatory activity, whereas GABAergic inhibitory activity had no 
detectablee effect on Ih amplitude (Fig. 3B). AMPA-receptor-mediated 
depolarizationn as well as direct depolarization by KC1 increased Ih, and preventing 
aa rise in [Ca2+]j by blocking Ca2+ influx or by buffering [Ca2+]i abolished or reduced 
thee increase of Ih (Fig. 4B). Because AMPA receptors on CA1 pyramidal neurons 
havee a low Ca2+ permeability (Burnashev et al., 1992), we hypothesize that AMPA 
receptor-mediatedd depolarization results in Ca2+ influx through NMDA receptors 
andd voltage-gated Ca2+ channels. It therefore seems likely that depolarization-
inducedd Ca2+ influx is the primary requirement for up-regulation of Ih. Because of 
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technicall  limitations, it proved difficult to test the bidirectionality of this effect. 
However,, once induced, the increase in Ih could be reversed by blockade of AMP A 
receptorss (Fig. 4A), indicating that factors that direcdy or indirecdy reduce 
intracellularr Ca2+ could potentially decrease Ih. 

AA rise in [Ca2+]i can trigger several intracellular messenger pathways. The relatively 
sloww time-course of Ih modulation suggests that it is not Ca2+ itself but rather the 
activationn of downstream intracellular pathways that leads to modulation of Ih. In 
linee with this hypothesis, we could not reproduce the large effect of a-LTX or 
glutamatee application on Ih in whole-cell recordings (increase in Ih amplitude of 9.4 

 0.2%, n = 6, not shown). The large increase in Ih could not be mimicked by 
elevatingg cAMP levels, suggesting a Ca2+-dependent, but cAMP-independent 
modulation.. It therefore seems likely that the modulation of Ih requires the 
convergentt action of several factors, including AMPA-receptor-mediated 
depolarization,, a rise in [Ca2+]j and the activation of signaling pathways 
downstreamm of Ca2+. 

Althoughh the previously reported studies on the modulation of intrinsic voltage-
gatedd conductances after long-lasting changes in activity (Turrigiano et aL, 1995; 
Desaii  et aL, 1999; Baines et aL, 2001; Golowasch et aL, 1999; Aizenman et aL, 2003) 
mayy involve the synthesis and incorporation of new ion channels, the more rapid 
timetime course of the effects observed here suggests the modulation of existing ion 
channelss or alternatively the insertion of spare ion channels into the membrane. In 
experimentss using a-LTX, 3 of 13 patches did not show an increase in Ih 
amplitudes,, and with glutamate application, 2 of 9 patches also did not show an 
increasedd Ih. Because of the cell-attached configuration, the sampling of currents is 
restrictedd to a relatively small fraction of the somatic membrane. Regional 
differencess in either existing or inserted channel densities may therefore underlie 
thee large variation found in the increase of Ih in somatic patches. 

Irrespectivee of the precise mechanism underlying the modulation of somatic Ih, the 
resultss of this study suggest that this form of modulation may be a potent 
mechanismm to regulate intrinsic excitability and therefore represents a mechanism 
off  cellular plasticity that acts on a relatively short-term time scale. Several forms of 
cellularr plasticity exist in addition to, and in cooperation with synapse-specific 
formss of plasticity (Marder et aL, 1996; Turrigiano, 1999; Burrone et aL, 2002). 
Interestingly,, synapse-specific mechanisms of plasticity commonly thought to 
underliee learning and memory, such as long-term potentiation and long-term 
depression,, take place on a time scale similar to that of the effects described in this 
studyy and also involve the concurrent action of glutamate receptors and [Ca2+]i . 
Presynapticc Ih channels have been suggested to play an important role in several 
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formss of long-term synaptic plasticity (Beaumont et a/., 2002; Mellor et a/., 2002, 
butt see Chevaleyre & Castillo, 2002). Whether the modulation we describe here 
alsoo affects presynaptic It, channels remains to be determined. 

Ihh channels are present in much lower densities at the soma than at the dendrites of 
CA11 pyramidal neurons (Magee, 1998; Magee, 1999; Poolos et al., 2002; Lörincz et 
a/.,a/., 2002). Dendritic Ih channels play an important functional role in determining 
thee integrative properties of dendrites by dampening dendritic excitability and 
normalizingg temporal summation (Magee, 1998; Magee, 1999; Poolos et a/., 2002). 
I tt is yet unknown whether dendritic Ih channels are also modulated in response to 
changess in synaptic activity or whether the mechanism we describe here is typically 
confinedd to the somatic compartment. In CA1 pyramidal neurons, the levels of Ih 
increasee approximately 7-fold from the soma towards the distal dendrites (Magee, 
1998).. If the mechanism we describe here is typically confined to the somatic 
compartment,, it could function to locally regulate and control action potential 
generation.. If the increase in Ih in response to excitatory synaptic activity is 
uniformlyy present in all neuronal compartments, it most likely serves as a general 
homeostaticc cellular mechanism to dampen excitability and thus to scale the output 
off  CA1 pyramidal neurons according to the level of excitatory input they receive. 
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