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ABSTRACT T 

Thee dynamic properties of synapses between neurons in the CA1 network are 

importantt in determining the frequency-dependent signal transfer of the network. 

Wee have examined the synaptic dynamics of excitatory input to CAI interneurons 

andd pyramidal cells using whole-cell voltage clamp recordings. We used stimulation 

electrodess at the Schaffer collaterals or at the Alveus to activate the CA1 network. 

Thee dynamic properties of the feedforward input from the Schaf fer collaterals 

weree different from the synaptic dynamics of feedback input from the Alveus to 

CAII  interneurons. Synaptic input from the Schaffer collaterals to CA1 

interneuronss showed facilitation for most frequencies. After 10 stimuli the synaptic 

responsee reached a plateau level that was about 150% of the first response in the 

train.. In contrast, the plateau levels of Alveus inputs were not different from the 

firstfirst responses for frequencies up to 40 Hz. Paired-pulse facilitation of Schaffer 

inputt was stronger than for Alveus input to interneurons. Cells in stratum oriens 

withh horizontal dendritic trees appeared to be a special group of interneurons, 

becausee Alveus input to these cells showed strong facilitation, with plateau levels of 

200%% of the reference responses. Schaffer input to CAI interneurons and to 

pyramidall  cells showed similar synaptic dynamics for frequencies up to 80 Hz. The 

synapticc dynamics of Schaffer and Alveus input to interneurons in the CA1 area 

onlyy slighdy depended on the stimulus intensity. 

Thee difference between the dynamics of Alveus and Schaffer input to 

intemeuronss implies that the relative contribution of feedforward and feedback 

inhibitionn to network activity depends on the frequency of the input signal at the 

afferentt fibers. 

74 4 



Synapticc dynamics 

INTRODUCTION N 

Inn the mammalian central nervous system neurons are interconnected in neuronal 

networks.. Neurons in the network are continuously activated by trains of action 

potentialss (Dobrunz and Stevens 1999). The strengths of the synapses between 

neuronss are dynamic parameters that depend on previous synaptic activity 

(Dobrunzz and Stevens 1999; Markram et al. 1998; Varela et al. 1997). Use-

dependentt changes in synaptic efficacy (often referred to as short-term plasticity or 

synapticc dynamics) occur on the time scale of tens to thousands of milliseconds. 

Thee CA1 network contains principal cells that are responsible for the output signals 

too other brain areas and interneurons with local projections. Interneurons receive 

inputss from many principal cells and project to a large fraction of the principal cells 

(Buhll  et al. 1994a). They exert strong control over the signal transfer of the 

networkk (Cobb et al. 1995; Dvorak-Carbone and Schuman 1999; Yanovsky et al. 

1997).. To understand this signal transfer during repetitive activation one needs to 

knoww the firing properties of the cells involved, their connectivity and the dynamic 

propertiess of the synapses that connect them. 

Thee connectivity of an interneuron in the network determines when and how it 

cann participate in population activity (Karnup and Stelzer 1999). After Schaffer 

collaterall  activation, interneurons in the hippocampal CA1 area can receive 

monosynapticc input from the Schaffer collaterals (feedforward input) or input from 

thee CA1 pyramidal cells which are first activated by the Schaffer collaterals 

(feedbackk input) (Andersen et al. 1963; Andersen et al. 1964; Buzsaki and Eidelberg 

1982;; Kandel et al. 1961; Lacaille 1991; Sah et al. 1990). Interneurons receiving 

feedbackk input that reflects the activity of a large population of pyramidal cells are 

well—suitedd for normalizing the pyramidal cell output (Wierenga and Wadman 

2002b),, while interneurons receiving feedforward input play a direct role in 

informationn processing by the CA1 pyramidal cells (Pouille and Scanziani 2001). 

Inn the present study we investigated the synaptic dynamics of excitatory inputs 

too CAI interneurons and pyramidal cells. The dynamics of excitatory and inhibitory 

synapsess have an important function in shaping the temporal aspects of network 

activity.. Depression of excitatory synapses between neocortical pyramidal cells 

functionss as a gain control mechanism, enabling the postsynaptic neuron to detect 

aa change in the presynaptic firing rate of an input irrespective of absolute 

presynapticc activity levels (Abbott et al. 1997; Markram et al. 1998). The dynamic 

propertiess of both inhibitory and excitatory synapses in the hippocampus increase 

thee ability of pyramidal cells to detect specific intervals in presynaptic spike trains. 

Thiss may be important in transforming temporal information into a spatial code 
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segregatedd over different populations of neurons (Buonomano 2000; Buonomano 

ett al. 1997). Furthermore, differences in synaptic dynamics of inhibitory and 

excitatoryy connections may affect the stability of neuronal networks by adding 

dynamicc properties to the balance between inhibition and excitation (Galarreta and 

Hestrinn 1999; Varela et al. 1999). 

Inn this study we examine the three excitatory inputs that are activated in the CA1 

networkk after Schaffer collateral stimulation: direct Schaffer input to the CA1 

interneuronss and to the pyramidal cells and input from the pyramidal cells to the 

interneurons.. The use-dependent synaptic dynamics were revealed in the synaptic 

responsess to trains of extracellular stimuli at the Schaffer collaterals or the Alveus 

fibers.fibers. We characterize the differences in the dynamics of the synaptic inputs and 

discusss the consequences for the frequency-dependent signal transfer in the CA1 

network. . 

METHODS S 

Slicee preparation 

Forr this study Wistar rats of 2-4 weeks old were used (mean age was 19 days; rats 

weree obtained from Harlan, Zeist, the Netherlands). After decapitation the brain 

wass rapidly removed and the hippocampus was dissected. Slices were cut with a 

tissuee chopper under an angle of -20° with respect to the direction of the Alvear 

fibers.fibers. This direction was chosen to keep as many Schaffer collaterals intact as 

possiblee (Ishizuka et al. 1990). Slices were incubated at 32 °C in artificial 

cerebrospinall  fluid (ACSF) for one hour. The ACSF contained (in mM): 125 NaCl, 

2.44 KC1, 1 MgCl2, 2 CaCl2, 1.1 NaH2P04, 26 NaHC03 and 25 D-glucose and was 

continuouslyy gassed with 95% 02 - 5% C 02 to set pH at 7.3. Al l chemicals were 

obtainedd from Sigma (St. Louis, U.S.A.). The hippocampal slices were then kept at 

roomm temperature in ACSF until they were transported to the recording chamber. 

Extracellularr  recordings and stimulation 

Al ll  recordings were done at 30-32 °C with ASCF as the perfusion medium. 

Extracellularr recordings were performed with borosilicate glass micropipettes (2-4 

MQ)) filled with ACSF. Signals were amplified (lOOOx) with a custom designed 

amplifierr and sampled at 4 kHz. Stimulations of 200 (Xs were applied by a biphasic 

currentt source through a bipolar stimulation electrode (straight cut, isolated 
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stainlesss steel 60-flm thick wire; 50-100 flm tip separation). Stimulation current 

wass between 0 and 500 jlA . One stimulation electrode was placed over the 

Schaffer-Commissurall  afferent fibers in stratum radiatum and a second stimulation 

electrodee was placed at the Alveus, both at the CA1-CA3 border. The Alveus 

stimulationn electrode was carefully placed so that an antidromic population spike 

couldd be activated. The extracellular recording electrode was placed in the CA1 

stratumm pyramidale between the stimulation and patch clamp electrode (distance to 

patchh clamp electrode was not more than 300 ^.m). 

Schafferr collaterals project to CA1 stratum radiatum, but also to stratum oriens 

(Ishizukaa et al. 1990; Li et al. 1994). Alveus stimulation incidentally activated fibers 

inn the Alveus other than axons of the pyramidal cells. This showed up as a small 

fieldfield potential following the antidromic population spike. Careful placement of the 

Alveuss stimulus electrode and the use of only half-maximal intensity for most 

stimulationss minimized this activation. Its occasional presence did not affect the 

conclusionss reached in this paper. Activation of fibers that do not originate from 

thee pyramidal cells and that only contact interneurons can not be excluded. 

Synapsess onto interneurons do not generate a field potential because interneuron 

morphologyy is usually not polarized and there are relatively few interneurons. 

Patchh clamp recordings 

Ann upright microscope (Nikon Optiphot) with a 40 x water immersion objective 

andd a CCD camera with a high-pass 700 nm filter were used to locate the cells in 

thee CA1 area. Patch clamp recordings were made using an Axopatch 200B 

amplifierr (Axon Instruments, U.S.A.). The patch pipettes (3-5 MQ) were filled with 

intracellularr solution containing (in mM): 130 K-gluconate, 10 HEPES, 1 EGTA, 

100 KC1, 0.5 CaCl2 and 2 MgATP (pH adjusted to 7.3; 280-290 mOsm). In most 

experimentss the quartenary lidocaine derivative QX314 (3-10 mM) was added to 

blockk sodium action potentials and postsynaptic GABAB receptors. During most 

recordings,, the intracellular solution also contained 0.5-1% biocytin for 

morphologicall  cell identification. 

Thee tip of the patch electrode was filled with intracellular solution without the 

QX3144 and biocytin. Immediately after the establishment of the whole-cell 

configurationn the amplifier was switched to current clamp mode to record action 

potentialss fired by each cell induced by 200 pA depolarizing current injection, from 

aa resting membrane potential of -70 mV. After 5 minutes needed for QX314 to 

diffusee into the cell, the action potentials were blocked. The amplifier was switched 

backk to voltage clamp mode and whole-cell recordings were made at a membrane 

potentiall  of -70 mV. 
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Inn some early recordings K-gluconate was replaced by KF in the tip solution. 

Theree were no differences between recordings with the two tip solutions. Series 

resistancee (4-10 M£2) and whole cell capacitance (15-30 pF) were checked for 

stabilityy during the experiments. Voltage clamp recordings were low-pass filtered at 

22 kHz with an 8-pole Bessel filter and sampled at 4 kHz. Current clamp recordings 

weree sampled at 10 kHz. Recordings were done with an ATARI TT030 computer, 

usingg custom-made interface and software. 

Identificatio nn of the cells 

Wee recorded intemeurons from stratum oriens and stratum radiatum of the 

hippocampall  CA1 area. Under visual control, we selected intemeurons with somata 

withh a shape and/or orientation that was different from the cells in the pyramidal 

layer.. Pyramidal cells were recorded in stratum pyramidale. Furthermore, cells were 

filledd with biocytin during the recording, which allowed posthoc inspection of their 

morphologyy (details given in (Wierenga and Wadman 2002b). A few of the cells 

weree lost before the end of the recordings (probably as a result of the high 

frequencyy stimulations) and could not be reconstructed. The distinction between 

pyramidall  cells and intemeurons was based on the location of their somata and, if 

available,, their morphology. Firing behavior of the cells during current injection 

confirmedd this distinction (table 4.1). Four cells with clear non-pyramidal somata 

inn stratum pyramidale fired with >20 Hz during the current injection and were 

thereforee considered intemeurons. 

Thee distinction between intemeurons that received monosynaptic feedforward 

inputt (directly from the Schaffer collaterals) and intemeurons receiving bisynaptic 

feedbackk input (from CA1 pyramidal cells, stimulated by Schaffer stimulation) was 

basedd on the timing of their synaptic input. In the latter group the synaptic current 

alwayss came later than the population spike in the extracellular recording and was 

causallyy linked to its amplitude. In the first group the synaptic current started 

beforee or during the population spike. The analysis is described in detail in 

(Wierengaa and Wadman 2002b). In the rare cases (<5%) when there was doubt to 

whichh experimental group the recorded cell belonged, the cell was not further 

analyzed. . 

Synapticc dynamics 

Thee synaptic dynamics of the inputs were determined using trains of 10 stimuli at 

thee Schaffer collaterals or at the Alveus fibers at various frequencies. Stimulus 

intensityy was chosen to evoke a half-maximal response to the first stimulus, unless 
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statedd otherwise. Recordings were accepted only when the change in input 

resistancee during the recordings did not exceed 20% and when the responses to the 

stimuluss trains were reliably repeated. Responses were then averaged over 2—5 

trials.. The amplitude of the synaptic responses to each following stimulus was 

estimatedd by fitting the decay phase of the preceding response with an exponential 

functionn (fig. 4.IB). Comparison of the synaptic responses of each cell was done 

afterr normalization to the mean amplitude of the first synaptic response of all trains 

(inn the following referred to as reference amplitude). 

Thee synaptic dynamics of Alveus (n=7) and Schaffer (n=3) input to interneurons 

inn slices of which the CA3 region was cut off were not different from the dynamics 

inn 'intact' slices. This suggests that the contribution of recurrent activation of CA3 

pyramidall  cells to the synaptic dynamics was negligible in our recordings. 

Tenn stimuli were sufficient to reach a plateau level in the synaptic response 

amplitudee for most frequencies. The plateau level was determined from the mean 

off  the last three synaptic responses in the train. Recordings of longer stimulus 

trainss (15-30 stimuli) at frequencies below 50 Hz confirmed that this level was 

accuratee within 10%. Longer trains, especially at high frequencies, were avoided 

becausee they often induced persistent changes in the synaptic response that could 

lastt for minutes. During the experiments we monitored the stability of the 

amplitudee of the first response (fig. 4.1 A). The ratio between the amplitudes of the 

secondd and first response in a train wil l be indicated in the following as paired-

pulsee ratio. Differences in the synaptic dynamics between two groups were 

compared.. For each frequency, we compared the plateau levels and paired—pulse 

ratioss of all cells between the two groups with the Student's t test. P<0.05 was used 

too indicate significant differences. 

RESULTS S 

Cellss were filled with biocytin, allowing posthoc inspection of their morphology. 

Wee reconstructed 25 interneurons and 3 pyramidal cells. Most interneurons had 

verticallyy oriented dendrites, but 6 interneurons in stratum radiatum had a 

multipolarr dendritic tree. In 17 of the 25 reconstructed interneurons we could 

followw the axon branching into stratum pyramidale, radiatum and/or oriens. Axons 

off  the pyramidal cells ran through stratum oriens and followed the fibers in the 

Alveus.. Apart from the cells described above, we recorded from 5 interneurons in 

stratumm oriens with horizontal dendrites. They will be considered separately. In 

additionn to a distinct morphology, interneurons differed from pyramidal cells in 
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thatt they fired significantly more action potentials during a one second injection of 

2000 pA depolarizing current. Action potentials fired by interneurons had shorter 

durationss (table 4.1). 

Characterizationn of the responses to the stimulus train s 

Too investigate the synaptic dynamics of input to CAI interneurons, we applied 

trainss of 10 stimuli by the Schaffer or Alveus stimulation electrode at several 

frequencies.. The first synaptic response in a train was the same for all stimulus 

trainss (fig. 4.1 A). We defined the reference amplitude of each cell as the mean 

amplitudee of the first responses in all trains. Mean amplitudes, rise times and decay 

timetime constants of the synaptic currents are given in table 4.1. The amplitude of the 

synapticc current to each stimulus of the train was determined by assuming linear 

additionn of the synaptic responses. For this purpose we fitted the decay of the 

precedingg responses with an exponential function (fig. 4.IB). 

1000 pA 

B B 

500 pA 

5,, 10, 
200 Hz 
400 Hz 
300 Hz 

SOO Hz 
800 Hz 

^^  + + + + * + + +
A l v v 

Sch h 

Figur ee 4.1. Synaptic responses to stimulus train s 

A,, Superimposed synaptic responses of an interneuron to stimulus trains at different 
frequencies.. The first amplitude in the trains (the reference amplitude) was constant for 
alll  stimulus trains. Stimulus artefacts were removed for clarity. B, The amplitude of the 
synapticc responses (thin vertical lines) to each stimulus was determined with respect to 
thee decay of the preceding response. For this purpose, the decay phase of preceding 
responsess were fitted with an exponential function (dotted curves). C, Field potential 
recordingss during a 40 Hz stimulus train. The antidromic population spike after Alveus 
stimulationn (upper panel) and the fiber volley after Schaffer collateral stimulation (lower 
panel)) were not systematic affected by the repetitive stimulations. Arrowheads indicate 
thee time points of the stimuli. Stimulus artefacts were removed for clarity. 
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N N 

Rin(MQ) ) 

Tmm (ms) 

firingfiring rate 

APP width 

(Hz) ) 

(ms) ) 

Att Schaffer input (ms) 

Interneuron s s 

Schafferr  input 

28 8 
1166 2 

8.44 9 

233 6 

1.33 1 

-0.99 2 

Alveuss input 

14 4 
1177 4 

9.33 9 

266 9 

1.11 1 

2.00 * 

Pyramidall  cells 

Schafferr  input 

10 0 
955 5 

8.66 6 

11 f 

1.77 t 

0.33 3 

N N 
baselinee amplitude (pA) 

10-90%% rise time (ms) 

decayy time constant (ms) 

21 1 
1355 0 

2.77 3 

233 4 

23 3 
1355 6 

2.4+0.6 6 

244 3 

10 0 
2199 9 

2.77 4 

3 3 

t t 

Tablee 4.1. Parameters of the recorded cells 
Upperr part: Cell parameters are given for interneurons receiving predominantly Schaffer 
orr Alveus input and pyramidal cells. Rin - input resistance; Xm - membrane time constant. 
Firingg rate was determined as the number of action potentials that the cell fired during 1 
secondd of +200 pA current injection. AP width - width of action potential at half-
maximall  amplitude. Indicated are significant differences (p<0.05; Student's t test) between 
interneuronss and pyramidal cells (f). At Schaffer input - time difference between the peak 
off  the population spike and the onset of synaptic input in the cells after Schaffer 
stimulation.. After Schaffer stimulation, synaptic input to pyramidal cells occurred 
significandyy later than monosynaptic feedforward input and significandy earlier than 
bisynapticc feedback input to interneurons (indicated with *). Not surprisingly, 
feedforwardd input was significandy earlier than feedback input (indicated with +.; for 
detailss see (Wierenga and Wadman 2002b). 
Lowerr part: Parameters of synaptic currents for Schaffer and Alveus input to interneurons 
andd Schaffer input to pyramidal cells. Of these inputs we measured the synaptic dynamics. 
Thee mean amplitude of the synaptic response to the first stimulus of the trains (the 
referencee amplitude) is given in the table. This amplitude was chosen to be ~50% of the 
maximall  amplitude that could be evoked by the stimulus (see Results section). In 9 
interneuronss we measured the synaptic dynamics of both Schaffer and Alveus input. The 
cellularr properties of tiiese 9 cells were not different from the other interneurons. 

Att 0.5 Hz the amplitude of the synaptic current was not different for successive 

stimulii  in all cells (mean amplitude . For frequencies between 5 and 80 Hz, 

thee synaptic responses systematically showed an initial increase in amplitude during 

thee first 2 to 5 stimuli and then reached a plateau level. We expressed all amplitudes 
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(includingg the plateau level and the paired-pulse ratio) relative to the reference 

amplitude.. The second and last fiber volley or antidromic population spike in a 

trainn were not different from the first for all frequencies (fig. 4.1C). This indicates 

thatt the observed changes in synaptic currents were not due to changes in stimulus 

efficacy. . 

Schafferr  and Alveus input to interneurons 

Thee aim of this study was to compare the synaptic dynamics of the input from the 

Schafferr collaterals to the interneurons (feedforward input) with the dynamics of 

thee input from the pyramidal cells to the interneurons (feedback input). These 

inputss can monosynaptically be evoked by stimulating the Schaffer collaterals or 

thee Alveus. However, Schaffer collateral stimulation evokes activity in the 

pyramidall  cell population, which can, via the pyramidal axons, result in feedback 

inputt to the interneurons. We therefore needed to distinguish interneurons in 

whichh Schaffer stimulation evoked monosynaptic feedforward input from 

interneuronss that received bisynaptic feedback input. 

Stimulationn of the Schaffer collaterals evoked a response in all recorded cells in 

thee CA1 area. The distinction between interneurons that received monosynaptic 

Schafferr input and interneurons that received bisynaptic input (via activation of 

CA11 pyramidal cells) was based on the relative timing of the population spike in the 

fieldfield potential recording and the onset of the synaptic current recorded in the 

interneuronn (see (Wierenga and Wadman 2002b). Examples of two interneurons 

receivingg feedforward respectively feedback synaptic input after Schaffer 

stimulationn are given in fig. 4.2—Al and 4.2-B1. The mean time differences 

betweenn the peak of the population spike and the onset of the synaptic current are 

givenn in table 4.1 (At Schaffer input). Schaffer collateral stimulation evoked 

predominantlyy monosynaptic feedforward input in 28 interneurons (17 from 

stratumm radiatum, 8 from stratum oriens and 3 from stratum pyramidale) and 

mainlyy bisynaptic feedback input in 14 interneurons (4 from radiatum, 9 from 

orienss and 1 from pyramidale). In the latter group of interneurons we used Alveus 

stimulationn to evoke feedback input monosynaptically. 

Alveuss stimulation elicited a synaptic response in all interneurons that received 

bisynapticc feedback input after Schaffer stimulation. Stimulation of the fibers in the 

Alveuss always activated axons of the CA1 pyramidal cells, as it evoked an 

antidromicc population spike in all field potential recordings (latency of the peak <3 

ms;; fig. 4.2-A2 and 4.2-B2, upper traces). The latency after the stimulus of 

monosynapticallyy evoked Alveus input was comparable to the latency of 

monosynapticallyy evoked Schaffer input 2 ms versus 1 ms), as was 
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expectedd since the two stimulation electrodes were at similar distances from the 

recordedd interneurons. 

AA FEEDFORWARD INPUT B FEEDBACK INPUT C PYRAMIDAL CELL 

Figur ee 4.2. Schaffer  and Alveus inpu t to interneurons and pyramida l cel ls 

Simultaneouss recordings of the field potential in stratum pyramidale (upper traces - FP) 
andd the membrane current of a cell under voltage clamp (lower traces - VC). Illustrated 
aree an intemeuron that received predominantly feedforward input (A), an interneuron 
thatt received mainly feedback input (B) and a pyramidal cell (C). A l -C l . Responses after 
Schafferr stimulation. A2-C2. Responses after Alveus stimulation. The letters S or A 
indicatee the time of the Schaffer or Alveus stimulus. In an intemeuron that received 
feedforwardd input the onset of the synaptic input preceded the population spike in the 
fieldfield potential recording after orthodromic stimulation (Al) . Alveus stimulation evoked 
ann antidromic population spike in the field potential recording (FP), but only a small 
synapticc response was observed in the intemeuron (A2). For an intemeuron that received 
feedbackk input after Schaffer stimulation the population spike occurred before the onset 
off  the synaptic current (Bl). The synaptic amplitude of feedback input was similar after 
Schafferr and Alveus stimulation (B2). A pyramidal cell received monosynaptic Schaffer 
inputt (CI), while Alveus stimulation only evoked a very small synaptic input. Note the 
similarr sizes of the population spikes after Schaffer and Alveus stimulation for the same 
cells.. Vertical dotted lines indicate the peak of the population spike. 
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Wee used Alveus stimulation in the interneurons that received monosynaptic 

inputt from the Schaffer collaterals to estimate the contribution of Alveus input in 

thesee cells. In 13 of these cells (out of 20 tested) Alveus stimulus also evoked a 

synapticc input. For a comparison of the amplitudes of the synaptic currents evoked 

byy Schaffer or Alveus stimulation both stimuli should ideally recruit the same 

pyramidall  cells, which was impossible to realize in our experiments. The amplitude 

off  the maximal population spike is a measure for the total number of pyramidal 

cellss that can be activated by the stimulus. We therefore compared synaptic 

responsess in interneurons only in those recordings in which Alveus and Schaffer 

stimulationss could evoke similar sized population spikes (i.e. when the amplitudes 

off  the maximal antidromic and orthodromic population spike did not differ more 

thann 30%). For interneurons that received feedback input, the maximal synaptic 

amplitudee after Alveus stimulation was 85+9% of the maximal amplitude after 

Schafferr stimulation. For interneurons that were classified as receiving 

predominantlyy feedforward input, this value was only % (p<0.01). This 

differencee confirmed our distinction between the two types of input after Schaffer 

stimulation. . 

Recordingss of the synaptic dynamics were done with half—maximal amplitudes. 

AA stimulus intensity that evokes half—maximal feedforward input, is expected to 

evokee only % of the maximal feedback input amplitude (Wierenga and 

Wadmann 2002b). The contribution of bisynaptic feedback input in our recordings 

off  the synaptic dynamics of Schaffer input is therefore expected to be less than 

10%. . 

Differencess between Schaffer  and Alveus input to interneurons 

Repetitivee Schaffer stimulation evoked synaptic currents in the interneurons that 

showedd paired—pulse ratios >1 in most cells (96%) for frequencies >5 Hz. After 

thee strong initial facilitation, synaptic responses to later stimuli in the train 

decreasedd compared to the second, but synaptic responses at the end of the train 

weree still larger (-150%) than the first (fig. 4.3A). At 5 Hz the pattern was slightly 

different,, 22% of the cells showed paired—pulse ratios <1 and synaptic responses 

usuallyy increased during the train until the plateau level was reached (fig. 4.3A). 

Alveuss input also showed the initial facilitation for frequencies >5 Hz. In 83% 

off  the cells paired—pulse ratios were larger than 1, but values were smaller than for 

Schafferr input. In contrast to Schaffer input, plateau levels of Alveus input were 

closee to 1 for most frequencies (fig. 4.3B and C). At 5 Hz 52% of the cells showed 

paired—pulsee ratios <1 and the synaptic responses during the train were all similar 

too the first response. 
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Figur ee 4.3. Synapt ic dynamics of Schaffer  and Alveus inpu t to interneurons 

A-B ,, Examples of synaptic responses to trains of 10 stimuli at 5, 20 and 40 Hz for 
Schafferr (A) and Alveus input (B) to two different interneurons. Traces are averages of 3 -
55 traces. Upper parts illustrate the experimental configuration when input to the 
interneuronn (I) was evoked by stimulating the Schaffer collaterals (Sch) or Alveus (Alv); 
(P)) - pyramidal cell population. C, Mean synaptic responses of all interneurons after 
Schafferr (open symbols; n=21) and Alveus stimulation (closed symbols; n=23) for 
stimuluss trains at 5, 20 and 40 Hz. Amplitudes are normalized to the first amplitude of the 
trains.. Significant differences are indicated with asterisks (*  p<0.05; **  p<0.01). 

T hee frequency-dependence of the mean plateau level and the mean paired-pulse 

ratioo are given in fig. 4.4A and B for Schaffer and Alveus input to CA1 

interneurons.. Pai red-pulse ratios of both inputs increased with frequency and 

reachedd a maximum at 30 Hz, but values for Alveus and Schaffer input differed a 

factorr of 2. A t frequencies higher than 10 Hz the paired-pulse ratio of Alveus input 
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wass significantly smaller than that of the Schaffer input. The plateau level of Alveus 

inputt stayed close to 1 until 40 Hz and then decreased. The plateau levels of 

Schafferr input increased until 10 Hz and then decreased again at frequencies above 

400 Hz. The largest difference in plateau levels between Schaffer input and Alveus 

inputt was observed for frequencies between 5 and 30 Hz (fig. 4.4). 
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Figur ee 4.4. Mean parameters of input to interneurons and pyramidal cells 

A,, Mean plateau levels for Schaffer input to interneurons (open circles), Alveus input to 
interneuronss (closed circles) and for Schaffer input to pyramidal cells (open triangles) as a 
functionn of frequency. B, Same for paired-pulse ratios. Schaffer input to interneurons and 
pyramidall  cells showed more facilitation in plateau levels and paired-pulse ratios than 
Alveuss input to interneurons. Asterisks indicate significant differences between Schaffer 
andd Alveus input to CAI interneurons (*  p<0.05; **  p<0.01). Schaffer input to 
interneuronss and pyramidal cells had indistinguishable parameters. 

Thee difference in the dynamic properties between Schaffer and Alveus input 

describedd above was evident despite a large variability between cells. For instance at 

200 Hz the plateau level of Alveus input varied between values of 0.4 and 1.8 (mean 

wass 1.0) and for Schaffer input between 0.8 and 2.8 (mean was 1.6). In 9 of the 

interneuronss described above we could measure both Alveus and Schaffer input. 

Thesee measurements showed that within the same cell Schaffer input always 

showedd more facilitation than Alveus input, which confirmed the difference from 

fig.fig. 4.4. The differences in plateau levels between individual interneurons were not 

relatedd to specific parameters, such as input resistance, membrane time constant, 

firingg rate or the age of the rat (Spearman's rank test). 
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Abovee we argued that, if a bisynaptic feedback input component is present after 

Schafferr stimulation, it wil l be small compared to the direct Schaffer input In 

addition,, the difference in Alveus and Schaffer input dynamics (fig. 4.4) further 

decreasess the probability that such component wil l distort the recordings of the 

dynamicss of the Schaffer input. Furthermore, there was no correlation between 

plateauu levels (or paired-pulse ratios) of the Schaffer input and the relative 

contributionn of the feedback input as determined from Alveus stimulation in the 

individuall  interneurons. 

Horizonta ll  interneurons 

Schafferr and Alveus inputs converging on the same interneuron showed different 

dynamics,, while Schaffer input to interneurons and pyramidal cells showed 

comparablee dynamics. This suggests that the input fibers and not the postsynaptic 

cellss determine the synaptic dynamics. However, the situation seems to be more 

complicated.. A special group of interneurons in stratum oriens was easily 

distinguishedd because they have horizontally oriented dendritic trees (n=5). In three 

off  these cells we could follow the axon branching into stratum lacunosum-

molecularee (fig. 4.5B). These interneurons did not receive monosynaptic input 

fromm Schaffer collaterals, but could be activated by Alveus stimulation. In contrast 

too the Alveus input to the CAI interneurons described above, the Alveus input to 

thesee interneurons showed strong facilitation for frequencies between 5 and 50 Hz 

(fig.. 4.5). Plateau levels of more than 200% of the reference response were reached 

inn these cells. This facilitation was even stronger than for Schaffer input to other 

CAII  interneurons (compare the y-axes of fig. 4.5C and D with fig. 4.4). The 

measurementss of this specific group of interneurons indicate that synaptic 

dynamicss are determined by a combination of p re- end postsynaptic properties. 

Schafferr  input to pyramidal cells 

Too elucidate the role of the interneurons in the CA1 network, we compared the 

dynamicc properties of Schaffer input to interneurons and to pyramidal cells. 

Pyramidall  cells in the CA1 stratum pyramldale (n=10) were recorded during 

stimulationn of the Schaffer collaterals and their input was analyzed in the same way 

ass for the interneurons. The onset of the synaptic current in the pyramidal cells 

withh respect to the peak of the population spike was later than monosynaptic 

feedforwardd input to interneurons, but earlier than bisynaptic feedback input to 

interneuronss (table 4.1; At Schaffer input). The amplitude of the synaptic current 

elicitedd in pyramidal cells was 62% larger than in interneurons (table 4.1 and fig. 
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4.2).. Interestingly, the synaptic dynamics of Schaffer input to pyramidal cells were 

quantitativelyy similar to Schaffer input to CAI interneurons, both showed 

facilitationn in the same frequency range (fig. 4.4A and B). This implies that during 

repetitivee activation of the CA1 network, interneurons and pyramidal cells receive 

similarr input from the Schaffer collaterals. 
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Figur ee 4.5. Dynamic properties of Alveus input to CA1 horizontal cells 

A,, Synaptic responses to stimulus trains at 5, 20 and 50 Hz from a horizontal cell. B, 
Typicall  morphology of these cells shows a horizontally oriented dendritic tree in stratum 
orienss (or) and an axon ramifying into stratum lacunosum-moleculare (LM). Same cell as 
inn A. C, Mean plateau levels of the synaptic responses of the horizontal cells show strong 
facilitationn for frequencies of 5-50 Hz. D, Mean paired-pulse ratios for the same 5 
horizontall  cells. Asterisks in C and D indicate significant differences between Alveus 
inputt to horizontal cells and Alveus input to other CAI interneurons (Student's t test; * 
p<0.05;; **  p<0.01). 
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Figur ee 4.6. D e p e n d e n ce on the s t imulu s intensi ty for  train s at 20 H z 

A,, Alveus input to an interneuron. The amplitude of the synaptic response to the first 
stimuluss of the trains increases with increasing stimulus intensity. The dotted line is a fit 
withh the sigmoidal function 

R(I)) = ^ , 
ll  + exp(( Ih a l f- I ) /S) 

withh RmaX = 91 pA, Ihaif = 67 (J.A and S = 18 [lA. B, Examples of responses to the 
stimuluss trains at 20 Hz for Alveus stimulation at indicated stimulus intensities. Despite 
thee almost four-fold increase in first amplitude when the stimulus intensity increased 

fromm 45 to 150 uA, differences in dynamics were small. This is illustrated by normalizing 
thee response trains to the first amplitudes ("normalized'). C, Plateau levels (filled symbols) 
andd paired-pulse ratios (open symbols) only slighdy decreased with increasing stimulus 
intensities.. Correlation coefficients were -0.6 for plateau levels and -0.5 for paired-pulse 
ratioss respectively. D, Same as C for Schaffer input to a different interneuron. Correlation 
coefficientss were -0.6 for plateau levels and -0.5 for paired-pulse ratios. Lines are linear 
fits.fits. A-C show data from the same interneuron. 

Relat ionn to s t imulus intensi ty 

I nn addit ion to the f requency-dependence of the synaptic dynamics, we measured 

thee synaptic currents in interneurons during Alveus and Schaffer stimulus trains at 

severall  stimulus intensities. The dependence of the amplitude of the first synaptic 

responsee of the train on the stimulus intensity could be described by a sigmoidal 

curvee in all cells (fig. 4.6A). The synaptic dynamics of the synaptic input was hardly 

affectedd by the stimulus intensity as is illustrated in fig. 4.6B, where we normalized 

too the first response (last panel). There was a weak correlation between stimulus 
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intensityy and plateau levels or paired—pulse ratios in only 33% of the interneurons 

(Spearman'ss ranked test). Pearson's correlation coefficients were 1 and 

-0.3+0.11 for the plateau levels and paired-pulse ratios respectively (n=6). This is 

illustratedd in fig. 4.6C, which shows the small decrease in paired-pulse ratio and 

plateauu level with increasing stimulus intensity. 

Increasingg the stimulus intensity of Schaffer stimulation increases the number of 

recruitedd synapses that make contact with CAI interneurons. In addition, the 

activationn of pyramidal cells wil l recruit (feedback) inhibitory loops in the network. 

Thesee may affect the intensity dependence of the plateau levels or paired-pulse 

ratioss of Schaffer input. However, the same analysis as described for Alveus input 

resultedd for Schaffer input in similar values for the mean Pearson's correlation 

coefficientt for plateau levels (-0.410.1) and paired-pulse ratios (-0.210.2; n=5). This 

iss illustrated in fig. 4.6D. The above values were obtained with trains of 20 Hz, but 

similarr results were obtained with 40 Hz trains. For 5 Hz trains, correlation 

coefficientss were small but positive (0.3+0.2 for plateau levels of Schaffer input; 

n=9;; p<0.05). These results indicate that the dynamics of the Alveus and Schaffer 

inputt to CAI interneurons do not critically depend on the stimulus intensity. 

DISCUSSION N 

Thee synaptic dynamics of the connections between neurons in a network are an 

importantt factor in determining the signal transfer of the network. In this study we 

focusedd on the dynamic properties of excitatory inputs to interneurons and 

pyramidall  cells in the CA1 area. Schaffer collateral stimulation evoked input in CA1 

interneuronss that could either be characterized as monosynaptic feedforward input 

orr as bisynaptic feedback input. Once the feedback input was observed, we could 

obtainn a similar response in those interneurons by antidromic Alveus stimulation. 

Wee observed a strong difference in synaptic dynamics between feedforward input 

ass measured by repetitive Schaffer stimulation and feedback input elicited by 

Alveuss stimulation. Alveus input showed moderate paired—pulse facilitation and 

plateauu levels were close to 1 for frequencies up to 40 Hz. Schaffer input to CA1 

interneuronss and to pyramidal cells showed facilitation, with paired-pulse ratios 

reachingg 180% and plateau levels reaching 150% of the first amplitude. The largest 

differencess between Schaffer and Alveus input occurred at frequencies between 5 

andd 30 Hz. Cells in stratum oriens with horizontal dendritic trees formed a special 

groupp of interneurons, because Alveus input to these cells showed strong 
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facilitation.. Synaptic dynamics of Alveus and Schaffer input to CAI interneurons 

seemedd only slightly affected by changes in the stimulus intensity. 

Networkk studies versus paired recordings 

Withinn the current experimental limitations, networks can be analyzed in different 

ways.. Paired recordings from coupled cells provide detailed information about a 

specificc connection, but large numbers of experiments are necessary before such 

informationn can be extrapolated to the network level. Extracellular stimulation 

alwayss activates a large number of afferent fibers. Consequently, the input of the 

interneuronn in our investigations represents the weighted average of a substantial 

fractionn of the relevant fibers (either Schaffer collaterals or Alveus fibers). In 

contrastt to paired recordings, where very few neurons of the local population are 

activatedd by the presynaptic neuron, our stimulation activates the local network, 

includingg pyramidal cells and interneurons that may project to the recorded cell. 

Thee number of cells involved in loops with more than two synapses is so small that 

theirr contribution to the input seems negligible. 

Dataa from paired recordings showed dynamic properties of individual synaptic 

connectionss that are in good agreement with the present study (AM et al. 1998; Ali 

andd Thomson 1998; Debanne et al. 1995; Debanne et al. 1996), but differences 

weree also encountered. Paired recordings between pyramidal neurons and 

interneuronss always showed paired—pulse depression (Ali et al. 1998), while we 

usuallyy observed paired-pulse facilitation of the Alveus input. It is not yet clear to 

whatt extent this is the result from sampling bias in the paired recordings, or the 

resultt from additional network interactions in our configuration. 

Underlyin gg mechanisms 

Schafferr input to interneurons in the CA1 area showed stronger facilitation than 

Alveuss input, which was evident in both paired-pulse ratios and plateau levels. The 

relationn between paired-pulse ratios and plateau levels depended on the stimulus 

frequency.. For instance, Schaffer input showed plateau levels that were larger than 

paired-pulsee ratios at 5 Hz, whereas at higher frequencies paired-pulse ratios were 

usuallyy larger. This complex dynamics reflects the interplay between (multiple) 

synapticc facilitation and depression processes with different time constants. 

Dynamicc properties of the synapses at short time scales (tens to hundreds of 

milliseconds)) are considered to have mainly a presynaptic origin. Facilitation 

probablyy results from a build-up of intracellular calcium in the presynaptic terminal 

(Fisherr et al. 1997; Zucker 1989; Zucker 1999), while depletion of the fast 
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releasablee pool of presynaptic vesicles is important in short-term depression 

(Haglerr jr. and Goda 2001; Markram et al. 1998; Tsodyks and Markram 1997). 

However,, postsynaptic processes (such as desensitization of postsynaptic receptors) 

mayy also be involved (Jones and Westbrook 1996). In our conditions presynaptic 

modulationn of transmitter release by other activated neurons can not be excluded. 

Calciumm dynamics in presynaptic terminals of the same axon can differ for 

specificc postsynaptic targets (Rozov et al. 2001). Such a difference might be present 

inn the hippocampus in axon terminals made by CA1 pyramidal cells on horizontal 

cellss and on other interneurons. It was recendy shown that postsynaptic cells can 

expresss receptor subunits in an input—specific manner (Gardner et al. 2001; Nyiri et 

al.. 2001; Tóth and McBain 1998). Targeting of specific AMPA channels to 

feedforwardd and feedback synapses was reported in CA3 interneurons (Tóth and 

McBainn 1998). Calcium-permeable AMPA channels show strong facilitation during 

repetitivee activation by a relief from polyamine block (Rozov et al. 1998). 

Analogouss to CA3 interneurons, CAI interneurons may specifically target these 

channelss at synapses made by the Schaffer collaterals. Calcium—impermeable 

AMPAA receptors, which are not sensitive to polyamines and show less facilitation, 

mayy be targeted to synapses made by CA1 pyramidal cells. This could be an 

intriguingg mechanism for CAI interneurons to differentially regulate the dynamics 

off  specific inputs. 

Horizonta ll  cells 

Horizontall  cells in stratum oriens are a special group of CAI interneurons. They 

usuallyy contain somatostatin, sometimes in combination with calbindin (Blasco-

Ibanezz and Freund 1995; Maccaferri et al. 2000). Horizontal cells are strongly 

activatedd through metabotropic glutamate receptors and receive input from V IP-

containingg cells in the hippocampus (Acsady et al. 1996; Ali and Thomson 1998; 

Poneerr et al. 2000; Yanovsky et al. 1997). The majority of excitatory afferents to 

horizontall  interneurons (>75% of all excitatory boutons) originates from CA1 

pyramidall  cells (Blasco-Ibanez and Freund 1995). Some of the CA1 horizontal cells 

mayy project to the medial septum. The axons of 3 of our horizontal cells ramified 

intoo stratum lacunosum-moleculare, the region of entorhinal input to CA1 

pyramidall  cells, whereas most other CAI interneurons projected to stratum oriens, 

pyramidalee and radiatum. The strong facilitation of feedback synapses to horizontal 

interneuronss compared to other interneurons may reflect a special function for 

horizontall  interneurons in the CA1 network. Activation of horizontal cells in 

stratumm oriens decreased synaptic transmission in stratum radiatum and 

lacunosum-moleculare,, at least partly mediated through GABAB receptors 
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(Yanovskyy et al. 1997). This suggests that horizontal cells are specialized to control 

and/orr modulate entorhinal input to the pyramidal cells as a function of population 

activityy (i.e. in a feedback manner). Other feedback interneurons in the CA1 

networkk may have a more general function in controlling the population activity 

(seee below). 

Frequencyy tunin g 

Interneuronss in the hippocampal CA1 area and neocortex can fire trains of action 

potentialss in reaction to synaptic input over a range of frequencies (20-50 Hz). For 

pyramidall  cells and CA1 horizontal cells this range is much narrower and they 

preferentiallyy fire at lower frequencies (2-7 Hz) (Fellous et al. 2001; Pike et al. 

2000).. Differences in firing properties between interneurons and pyramidal cells 

implyy that they translate Schaffer collateral input into different trains of action 

potentialss (even though the synaptic dynamics are similar). Both studies mentioned 

abovee were restricted to fast-spiking non-adapting interneurons. The CA1 

interneuronss in our study have heterogeneous firing properties and may display a 

similarr heterogeneity in their preferred firing frequency range. 

Inhibitoryy synaptic currents do not show up in our recordings because they 

reversee around holding potential (-70 mV). However, the increase in membrane 

conductancee as a result of activation of inhibitory synapses may shunt excitatory 

inputss arriving at the dendrites. Inhibitory synapses to interneurons and pyramidal 

cellss are often strategically located at or near the soma (Gulyas et al. 1999; Megias et 

al.. 2001). During activation of the network at high frequencies, interneurons can 

followw these frequencies better than pyramidal cells, which may result in a strong 

activationn of inhibitory synapses. Shunting of the excitatory synaptic current may 

explainn the decrease in plateau levels of synaptic responses at frequencies >40 Hz 

(fig.. 4.4A and 4.5C). 

Functionall  implications 

Feedbackk input to a single CAI interneuron reflects the activity of the pyramidal 

celll  population, through a large convergence of pyramidal axons (Blasco-Ibanez 

andd Freund 1995; Buhl et al. 1994a; Gulyas et al. 1999). The plateau level of 

feedbackk input to CAI interneurons was comparable to reference values for 

frequenciess up to 50 Hz (fig. 4.4A). This implies that the gain of the inhibitory 

feedbackk loop wil l be relatively independent of the frequency at which the 

pyramidall  cells fire. This contributes to the stability of the network. Facilitation or 

depressionn in the inhibitory feedback loop may lead to oscillations or instabilities in 
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thee network. Both facilitation and depression of the Alveus input could be 

observedd in individual interneurons, but because activity in the network always 

recruitss a group of feedback interneurons the input dynamics will be averaged. 

Feedbackk input to horizontal cells showed strong facilitation, which may lead to 

oscillationss that gate the synaptic input from the entorhinal cortex. This might 

occurr during theta oscillations in the CA1 network (Hasselmo et al 2001). 

Interneuronss receiving feedforward input are activated before or simultaneous 

withh the pyramidal cell population (Karnup and Stelzer 1999). They may inhibit 

specificc pyramidal cells or modulate specific inputs to pyramidal cells, analogous to 

thee role of feedforward inhibition in shaping receptive fields of cortical neurons 

(Dykess et al. 1984). Somatic feedforward inhibition also shortens the spike 

integrationn window for synaptic summation in CA1 pyramidal cells, making them 

betterr coincidence detectors (Pouille and Scanziani 2001). These inhibitory actions 

modulatee the way information is processed by the CA1 pyramidal cells. The similar 

dynamicss of synapses made by the Schaffer collaterals onto pyramidal cells and 

interneuronss may keep input modulation by feedforward inhibition relatively 

constantt with respect to the strength of the Schaffer input to the pyramidal cells for 

alll  input frequencies. 

Inputt to the CA1 network in vivo operates over a wide frequency range 

(Dobrunzz and Stevens 1999). At low input frequencies (<0.5 Hz), feedforward and 

feedbackk input to CAI interneurons are not related to previous activity. However, 

att higher input frequencies (5-30 Hz) feedforward input to interneurons shows 

strongerr facilitation than feedback input. The consequence of the different 

dynamicss of Alveus and Schaffer evoked synaptic input to interneurons is that the 

relativee contribution of feedforward and feedback inhibition has become a dynamic 

propertyy of the circuit. This means that the temporal properties of the input signal 

determinee the functional connectivity in the CA1 network. 
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