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ABSTRACT T 

Inhibitoryy interneurons are important components of the CA1 network, as they are 

strategicallyy positioned to control network information transfer. We investigated 

thee synaptic input that individual interneurons received after the local circuit was 

activatedd by stimulating the Schaffer—Commissural pathway and we related the 

interneuronn input to the population activity of the pyramidal cells. Synaptic 

responsess were measured using whole—cell voltage clamp recordings and 

populationn activity was determined from local field potentials. 

Thee synaptic input that was evoked in CAI interneurons by the stimulus fell into 

twoo distinct groups. Long-latency synaptic input always started after the population 

spikee with a mean latency of 3.0+0.3 ms (n=22) measured from the peak of the 

populationn spike. This type of synaptic input to the interneurons was causally 

linkedd to the occurrence of the population spike in the field potential recording. 

Short—latencyy input occurred 2 ms (n=18) before the peak of the population 

spikee and showed significandy less jitter in its timing than long-latency input. Only 

short-latencyy input could be observed in the absence of a population spike. 

Thee relation between the amplitude of the synaptic input to the interneurons and 

thee population activity was different for the two types of input. Short-latency input 

showedd large sensitivity to input changes at stimulus intensities that evoked litde 

activityy in the pyramidal cell population. The amplitude of the long-latency input to 

thee interneurons increased gradually with stimulus intensity and reflected the 

populationn activity, as measured from the population spike. 

Thee timing and amplitude of the two input types were different in relation to the 

populationn activity. This indicates an important difference in the way interneurons 

receivingg one of the two types of input participate in the local network and suggests 

distinctt functions for the corresponding inhibitory interneurons in the CA1 

network. . 
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INTRODUCTIO N N 

Informationn processing in neuronal networks depends both on functional 

connectivityy in the network and on the cellular properties of the various types of 

neuronss that are connected. The latter have been extensively investigated since the 

introductionn of the in^situ patch clamp technique, combined with advanced 

morphologicall  reconstructions. The circuit of the CA1 hippocampal region 

translatess activity of the afferent fibers into pyramidal cell activity. The function of 

thee principal cells in this process is straightforward, but the function of the 

interneuronss needs to be determined. This requires knowledge about how 

interneuronss participate in network activity. We need to know under what 

conditionss they are activated, how the interneuron input relates to input parameters 

off  the fiber activity, what the temporal relation is between their activity and that of 

thee other neurons and how their activity contributes to the network output. 

Answeringg these questions is limited by experimental constraints. Here, we set out 

too examine the role of interneurons during activation of the CA1 network after 

Schafferr collateral stimulation. 

Inn the CA1 region interneurons receive inputs from many principal pyramidal 

cellss and they project to a large fraction of the principal cells (Buhl et al. 1994a). 

Stimulationn of the Schaffer collaterals monosynaptically activates the pyramidal 

cellss and also a fraction of the interneurons (Buzsaki and Eidelberg 1982; Lacaille 

1991;; Sah et al. 1990). Indirectly, interneurons are activated as a result of action 

potentialss evoked in the pyramidal cells (Andersen et al. 1963; Andersen et al. 1964; 

Kandell  et al. 1961). The possibility for feedback control is apparent, since single 

interneuronss exert strong control over the activity of a large number of pyramidal 

cellss (Buzsaki and Chrobak 1995; Cobb et al. 1995; Dvorak-Carbone and Schuman 

1999;; Yanovsky et al. 1997). 

Interneuronss in the hippocampus show a large variety in morphology, in 

electrophysiology,, in protein content and in other cellular properties. These 

propertiess led to classifications that have extensively been described elsewhere 

(Buhll  et al. 1994a; Freund and Buzsaki 1996; Gupta et al. 2000; Parra et al. 1998; 

Somogyii  et al. 1998; van Hooft et al. 2000). Attempts to relate these different 

classess to specific roles that the interneurons play in the network were only partially 

successfull  (Blasco-Ibanez and Freund 1995; Gulyas et al. 1996; Miles et al. 1996; 

Yanovskyy et al. 1997). The properties of synaptic connections have been 

characterizedd using paired intracellular recordings from connected neurons (Ali et 

al.. 1998; Al i and Thomson 1998; Buhl et al. 1995; Miles et al. 1996), but 

extrapolationn of these findings to the role of individual interneurons in the local 
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circuitt is difficult (Buzsaki and Eidelberg 1982; Karnup and Stelzer 1999; 

Maccaferrii  and McBain 1995; Maccaferri and McBain 1996; Somogyi et al. 1998). 

Inn this study we activated pyramidal cells in the CA1 region by electrical 

stimulationn of the Schaffer collaterals, one of the main input pathways. This 

resultedd directly or indirecdy in synaptic input to interneurons in the same region. 

Thee synaptic input to individual interneurons was obtained using the in situ whole-

celll  patch-clamp technique. We related the timing and the amplitude of this input 

too the population activity, which was simultaneously recorded using extracellular 

fieldfield potentials. We selected our interneurons based on location, morphology and 

firingfiring pattern and determined the functional connectivity of a rather heterogeneous 

groupp in terms of the classifications mentioned above. The stimulus—response 

curvess and the timing of synaptic events relative to the population activity provided 

informationn about the participation of the interneurons in the local network. Two 

distinctt types of input to CAI interneurons could be evoked by the Schaffer 

collaterall  stimulation and we speculate about the possible functional implications. 

METHODS S 

Slicee preparation 

Wistarr rats of 14—28 days old were used for this study (mean age was 21 days; rats 

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

wass rapidly removed and the hippocampus was dissected. Slices (-300 ujxi thick) 

weree cut with a tissue chopper under an angle of —20° with respect to the direction 

off  the Alvear fibers. This direction was chosen to keep as many Schaffer collaterals 

intactt in the slice as possible (Ishizuka et al. 1990). Slices were incubated at 32 °C in 

artificiall  cerebrospinal fluid (ACSF) for one hour. The ACSF contained (in mM): 

1255 NaCl, 2.4 KC1, 1 MgCl2, 2 CaCl2, 1.1 NaH2P04, 26 NaHC03 and 25 D-glucose 

andd was continuously gassed with 95% 02 - 5% C 02 to set pH at 7.3. All chemicals 

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

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

Extracellularr  recordings and stimulation 

Al ll  recordings were done at room temperature with ACSF as the perfusion 

medium.. Extracellular recordings were performed with borosilicate glass 

micropipettess (2-4 MQ) filled with ACSF. Signals were amplified (lOOOx) with a 
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customm designed amplifier and sampled at 4 kHz. Stimulations were applied as a 

biphasicc current pulse of 200 us through a bipolar stimulation electrode (straight 

cut,, isolated stainless steel 60 urn thick wire; 50-100 urn tip separation) that was 

placedd over the Schaffer-Commissural afferent fibers in stratum radiatum at the 

CA1-CA33 border. Stimulation current was between 0 and 700 uA. The 

extracellularr recording electrode was placed in the CA1 stratum pyramidale within 

3000 um from the patch electrode. The locations of the recording and of the 

stimulationn electrodes in the hippocampal slice are illustrated in fig. 3.1 A. In our 

slicess stimulation of the Schaffer collaterals activated pyramidal cells in the entire 

CA11 region, as a population spike could be recorded in stratum pyramidale from 

thee CA2 to the subiculum border (data not shown). In some experiments a high 

Ca2+// high Mg2+ solution was used to reduce the population spike. This solution 

containedd (in mM): 117.5 NaCl, 2.4 KC1, 4 MgCl2, 4 CaCl2, 1.1 NaH2P04, 26 

N a H C 033 and 25 D-glucose. 

Stimulationn in stratum radiatum at the CA3/CA1 border might directly activate 

pyramidall  cells in that area, but extracellular recordings in stratum pyramidale at the 

CA3/CA11 border did not reveal any sign of a population spike. This indicates that 

thee number of direcdy activated pyramidal cells was small, even at the highest 

stimuluss intensities. 

Thee stimulation electrode was placed in the stratum radiatum over the Schaffer 

collaterals.. At high stimulus intensities the electrical stimulation may have spread 

andd activated some axons from the perforant path in stratum lacunosum-

moleculare.. Under our conditions, we could not determine whether occasionally 

observedd additional input components in interneurons at high stimulus intensities 

weree due to activation of perforant path fibers. 

Patchh clamp recordings 

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

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

interneuronss in the CA1 area. Patch clamp recordings were made using an 

Axopatchh 200B amplifier (Axon Instruments, U.S.A.). The patch pipettes (3-5 

Mft )) were filled with intracellular solution containing (in mM): 140 K-gluconate, 

100 HEPES, 1 EGTA, 2.5 CaCl2 and 2 MgATP (pH adjusted with KOH to 7.3; 

280-2900 mOsm). Some recordings were made with (in mM): 140 KF, 10 HEPES, 

11 EGTA, 1 CaCl2, 2 MgCl2 and 2 MgATP. We did not observe differences between 

recordingss with solutions containing KF or K-gluconate. Intracellular solution 

containedd 0.5-1% biocytin or Lucifer Yellow. 
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Immediatelyy after the establishment of the whole-cell configuration the 

amplifierr was switched to current clamp mode to record action potentials in the 

cell,, which were induced by a depolarizing current injection. Whole—cell voltage 

clampp recordings were made at a membrane potential of -70 mV. We checked the 

stabilityy of the series resistance (4—7 M£2) and whole cell capacitance (15-30 pF) 

duringg the experiments. Voltage clamp recordings were low-pass filtered at 2 kHz 

withh an 8-pole Bessel filter and sampled at 4 kHz. Current clamp recordings were 

sampledd at 4 kHz. Recordings were done with an ATARI TT030 computer, using 

custom—madee interface and software. 

Morphology y 

Duringg the recordings, cells were loaded with biocytin or Lucifer Yellow via the 

patchh pipette. After the recordings the hippocampal slice was kept in phosphate 

bufferedd saline with 4% paraformaldehyde for fixation (>1 hour for Lucifer Yellow 

andd overnight for biocytin) and then stored at 4 °C in the phosphate buffer until 

furtherr use. Injected biocytin was visualized by using an avidin-HRP reaction (ABC 

elitee peroxidase kit; Vector laboratories, Burlingame, CA) incubated with 0.1% 

Triton,, according to the instructions of the manufacturer. Slices were not 

resectionedd for this procedure. After biocytin was visualized using 3 ' , 3-

diaminobenzidinee (DAB, Vector Laboratories, Burlingame, CA) slices were 

embeddedd in mowiol on slides. Interneurons were reconstructed using a drawing 

tubee under a 20x or 40 x objective lens. Slices with Lucifer Yellow-filled cells were 

mountedd between two glass cover slips with Vectashield mounting medium for 

fluorescencefluorescence (Vector laboratories, Burlingame, CA) and placed under a 

fluorescencefluorescence microscope. Photographs were taken (10x or 20x objectives) using 

thee appropriate filters. The cell shape was reconstructed using composite 

photographs.. These methods yield the rough dendritic (and sometimes also axonal) 

morphologyy of the recorded cells. It confirmed that the recorded cells were 

interneuronss and that they had dendrites in stratum oriens and radiatum. No 

furtherr attempts to classify the interneurons were made. 

Analysis s 

Thee latency of the synaptic current in the interneuron recorded under voltage 

clampp was determined as the time interval between the stimulus and the time point 

att which the postsynaptic current exceeded the noise level. The threshold was set at 

55 times the standard deviation of the signal during a 10 ms period before the 

stimulus.. The time of occurrence of the extracellular population spike after the 
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stimuluss was determined as the time between the stimulus and the negative peak of 

thee population spike. We took the peak as the reference point, as it can be 

unambiguouslyy determined. The latency of the peak is the mean latency at which 

pyramidall  cells fire an action potential (Andersen et al. 1971; Varona et al. 2000). 

Takingg the onset of the population spike as the reference point did not change any 

off  the conclusions drawn here. The amplitude of the field postsynaptic potential 

(fieldd PSP) was measured as the maximum (positive) amplitude of the extracellular 

potential.. The amplitude of the population spike was measured between its 

(negative)) peak and the (positive) slope of the field PSP. 

Thee distance between the extracellular recording electrode and the patch clamp 

electrodee was maximally 300 p.m. Stimulating Schaffer collaterals evokes 

synchronouss activity in the CA1 area, reflected in the population spike. Small 

variationss in the precise time of occurrence of the population spike can be 

observedd in stratum pyramidale, because the synchronous activity spreads from the 

stimulationn site towards the subiculum. The time difference between the 

occurrencee of the population spike at the location of the extracellular recording 

electrodee and the location of the patch electrode never exceeded 0.5 ms. 

Thee amplitudes R(I) of the synaptic current, the population spike and field PSP 

ass functions of stimulus intensity I were fitted with a sigmoid: 

R(DD = ~n—r  W 
ll  + e x P ( ! ^ ) 

inn which R,,̂  is the maximal response, I^f is the stimulus intensity for which the 

responsee is half maximal and S is a slope factor. A smaller slope factor indicates a 

steeperr response curve. The threshold for evoking a response was defined as the 

stimuluss intensity at which the response reached 10% of its maximal value: 

II  threshold = ^half ~ SX l l l 9 . 
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RESULTS S 

Characterizationn of the interneurons 

Interneuronss were selected based on the location of their somata and their visual 

appearancee under the microscope. We selected cells located in stratum oriens, 

pyramidalee and radiatum with cell bodies with a different shape or orientation than 

thee cells in the pyramidal layer. As a second criterion we demanded that the cells 

firedd repetitively (>5 action potentials) during 1 second of 200 pA depolarizing 

currentt injection. During the recordings, the cells were filled with biocytin or 

Luciferr Yellow for a post-hoc inspection of the dendritic tree and, if possible, 

axonall  arborization. If the cell resembled a pyramidal neuron it was excluded from 

furtherr analysis. It is important to emphasize that all reconstructed interneurons 

(n=155 with biocytin and n=13 with Lucifer Yellow) had dendrites in stratum 

oriens/Alveuss (i.e. the projection site for CA1 pyramidal cells) and in stratum 

radiatumm (i.e. the projection area for the Schaffer collaterals; fig. 3.1C) and 

sometimess in stratum lacunosum—moleculare. From 13 of the 15 interneurons that 

weree filled with biocytin we got an indication of the projection area from the 

(pardy)) stained axonal arborization. The axon of the interneurons branched into 

stratumm oriens, pyramidale and/or radiatum (hatched boxes in fig. 3.1 C). 

Immediatelyy after establishing the whole-cell configuration, the firing pattern of 

thee interneurons during injection of depolarizing current was recorded. At this time 

washoutt of intracellular factors that influence the firing behavior did not yet play a 

role.. Interneurons fired multiple action potentials, sometimes up to 50 during 1 

secondd of 200 pA current injection (table 3.1). In fig. 3.2 three examples are shown 

off  interneurons that fired non-accommodating, accommodating and irregular 

trainss of action potentials. Despite the large variation in firing rate between cells, 

thee number of action potentials fired by the interneurons increased almost linearly 

withh injected depolarizing current once the threshold was crossed (fig. 3.2D-F, but 

notee the difference in the y—axis scaling). 

Inn a different set of experiments in which we recorded from both interneurons and 

pyramidall  cells under the same conditions and used the same morphological criteria 

too distinguish them, we showed that interneurons fired significandy more action 

potentialss during the current injection than pyramidal cells. Action potentials of 

interneuronss had a significandy smaller width (Wierenga and Wadman 2002a). This 

confirmss our description of the recorded cells as interneurons. 
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Figur ee 3.1. Location of the electrodes and interneuron morphology 
A,, Location of the stimulation and recording electrodes. The extracellular recording 
electrodee was always located between the stimulation and the patch clamp electrode. B, 
Simplifiedd scheme of the CA1 network. The pyramidal cell population (P) receives input 
fromm the Schaffer collaterals (Sch). Interneurons can receive monosynaptic input from the 
Schafferr collaterals (II) and/or recurrent input from the CA1 pyramidal cells (12). C, Five 
reconstructionss of biocytin-filled interneurons are shown with the axonal projection area 
indicatedd by the hatched boxes. All reconstructed interneurons included in this study had 
dendritess in stratum oriens as well as in stratum radiatum. Interneurons 1, 2 and 4 
receivedd short-latency input; 3 and 5 received long-latency input. 

Synapticc currents in the interneurons 

Inn 44 of the 47 recorded intemeurons, stimulation of the Schaffer-Commissural 

pathwayy evoked a synaptic current at a membrane potential of -70 mV. This 

indicatess that the vast majority of intemeurons in this region received input 

associatedd with the stimulus. The synaptic current was excitatory as it reversed 

aroundd 0 mV. In most intemeurons (20 of 24 tested) a second current component 

followedd this current with a delay of 0-4 ms. This probably was a GABA A -
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mediatedd inhibitory current carried by CF, as the reversal potential (~ -80 mV) was 

closee to that of CI under our conditions (EC1 = -83 mV). In the following, all 

recordingss were done at a membrane potential of -70 mV, where most of the 

observedd synaptic current is excitatory. Activation of synaptic inhibition may affect 

thee decay phase of the excitatory current by shunting. However, it can not distort 

thee latency of the excitatory input, because the inhibitory current always followed 

thee excitatory input. In some cells the voltage clamp was not strong enough to 

preventt the firing of an action potential by the interneuron, resulting in a large 

inwardd current after the stimulus. These cells were excluded from further analysis. 
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Figur ee 3.2. Interneurons display various firing  patterns 

A-C,, Examples of trains of action potentials fired by the interneurons during 
depolarizingg current injection for 1 second. A, Example of a non-accommodating train of 
actionn potentials fired by an interneuron. This intemeuron fired up to 33 action 
potentials.. B, Example of an accommodating train of 14 action potentials. C, Example of 
ann irregular firing intemeuron. D-F, The number of action potentials fired by the 
intemeuronn increased almost linearly with the injected current. Note the difference in y-
axiss scaling. Same cells as in A—C. 

58 8 



Feedforwardd and feedback input 

celll  characterist ics Short-latency input long-latency input 

inputt resistance (Mil ) 139  12 (18) 143  11 (22) 

firingg rate at 200 pA (APs/s) 24 5 (18) 17+3 (22) 

SFAA 2.1 3 (18) 2 (22) 

NACC-ACC-IRRR 7 - 9 -2 7 - 1 1 -4 

membranee time constant (ms) 16.0  2.4 (18) 15.3  1.6 (22) 

extentt of dendrites in SO flim) 300 + 30 (14) 290 0 (14) 

extentt of dendrites in SR (^m) 830  60 (14) 720 0 (14) 

characteristicss of synaptic currents 

maximall  amplitude (pA) 181 4 (18) 142 5 (22) 

10-90%% rise time (ms) 5.9  0.8 (18) 7.4 6 (22) 

decayy time constant 53 0 (18) 50+10 (22) 

timee difference after PS (ms) -0.8 2 (18) 3.0  0.3 (22) p<0.01 

AI half0iA)) 1 (16) 9 (15) P<0.01 

Tablee 3.1. Characteristics of interneurons wit h two types of input 
Thee firing rate was taken as the number of action potentials fired by the interneuron 
duringg a 1-second injection of +200 pA. SFA: Spike frequency adaptation rate = (last 
interval)/(firstt interval). NACC-ACC-IRR: Number of cells with non-accommodating 
(NACC),, accommodating (ACQ and irregular (IRR) firing patterns. As a rough 
estimation,, the extent of the dendrites was measured as the distance from the center of 
stratumm pyramidale to the tip of the longest dendrite in stratum oriens (SO) or stratum 
radiatumm (SR), perpendicular to the pyramidal layer. The difference between the groups in 
thee latency of the synaptic currents in the interneuron with respect to the occurrence of 
thee population spike (latency after PS) and the difference between the half maximal 
stimulationn intensities (Alhaif, see fig. 3.7 and table 3.2) of input and population spike were 
highlyy significant (p<0.01, Mann-Whitney U test). All values are . calculated 
overr all interneurons per group; numbers between brackets indicate the number of 
interneuronss in the group. 

Characterizationn of synaptic input 

Afterr stimulation of the Schaffer-Commissural pathway, the extracellular recording 

inn the stratum pyramidale of the CA1 region showed the well—known field 

postsynapticc potential (field PSP) on which the population spike was superimposed 

(fig.. 3.3A and B, upper traces, marked FP). The field PSP results from current 

flowingg into the active synaptic region in stratum radiatum. The population spike is 

thee extracellular reflection of all action potentials of many (near—) synchronously 
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firingg pyramidal cells. Simultaneously, we made whole—cell voltage clamp 

recordingss of individual interneurons in the same region. We determined the timing 

off  the synaptic current in individual interneurons relative to the population spike in 

thee CA1 area after Schaffer—Commissural stimulation. Al l stimulations at different 

intensitiess were used to calculate for each interneuron the mean synaptic latency to 

thee stimulus and the mean time difference with the peak of the population spike. 

Figur ee 3.3. Examples of two interneurons wit h the two types of input 
A,, Simultaneous extracellular recordings (upper traces; FP — field potentials) and patch 
clampp recordings (lower traces; VC — voltage clamp) from an interneuron that received 
short—latencyy input after the stimulus. Darker traces indicate higher stimulus intensities. 
Thee dashed vertical lines indicate the peak of the population spike in the darkest traces 
andd the asterisks indicate the time of the stimulus. B, Short—latency input was observed at 
aa stimulus intensity that was too low to evoke a population spike. C, The latency of the 
synapticc current in the interneuron was plotted against the latency of the peak of the 
populationn spike in the extracellular recording for all stimulus intensities. Each dot 
representss a single stimulation and the line represents the case when population spike and 
synapticc current would have occurred simultaneously. D—F, Same as A—C for an 
interneuronn in which the stimulus evoked long—latency input. In contrast to short-latency 
input,, long—latency input was never observed in the absence of a population spike (E). All 
tracess are single traces. 
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Thee distribution of time differences between the onset of the synaptic current 

andd the peak of the population spike for all interneurons is shown in fig. 3.4A. 

Statisticall  reasoning alone does not reject a single Gaussian fit of the distribution, 

butt for reasons given below we preferred the description as a bimodal distribution. 

Thiss was supported by a significant decrease in the reduced %2 (p<0.05; F test (de 

Koninckk and Mody 1994)). The two normal distributions had means that were 3.7 

mss apart and they intersect at a time difference of 1.2 ms. The latter time point was 

usedd to separate the two types of input. In one group of interneurons the stimulus 

evokedd short-latency input (example in fig. 3.3A) and in another it evoked long-

latencyy input (example in fig. 3.3B). Figure 3.4B shows the relation between the 

latencyy of the synaptic current and the population spike for all interneurons. 

timee difference (ms) 
00 2 4 6 8 10 12 14 

latencyy of population spike (ms) 

Figur ee 3.4. Timin g of synaptic input s 
A,, Distribution of the mean time differences of the synaptic input to the intemeurons 
afterr the peak of the extracellular population spike. The peak of the population spike 
occurredd at 2 ms after the stimulus (n=40). The distribution could be well fitted 
withh the sum of two Gaussian curves (thick lines) with the two means as indicated. The 
curvess cross at a time difference of 1.2 ms. The thick horizontal bar at 0 ms represents 
thee width at half-maximal amplitude of the mean population spike determined from all 
recordingss 1 ms). B, Relation between the latency of the synaptic current and the 
peakk of the simultaneously recorded population spike for all intemeurons. Each dot 
representss a single interneuron and error bars represent standard errors. The solid line 
representss y=x; the dotted line reflects the best separation between the two groups 
(y=x+1.2). . 

Long-latencyy input had larger variance in absolute latency to the stimulus than 

short-latencyy input (F-test; p<0.05). For the short-latency group it made no 

differencee whether their timing was calculated relative to the stimulus or to the 
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populationn spike and its variance was not different from that calculated for the 

populationn spike. When the timing of the long-latency group was determined in 

respectt to the population spike (as in fig. 3.4A) the difference in variance between 

thee two groups vanished. This suggests that the timing of the long-latency input is 

linkedd to the occurrence of the population spike, while the short-latency input and 

thee population spike are linked to the stimulus. This relation was supported by the 

observationn that long-latency input was never observed in the absence of a 

populationn spike (fig. 3.3D). Short-latency input could be evoked even at stimulus 

intensitiess that were too low to evoke a population spike (fig. 3.3C). The 6 

interneuronss receiving inputs with a timing that could statistically belong to either 

groupp were classified according to their dependence on the occurrence of the 

populationn spike. 

Wee preferred to use the time of the peak of the population spike as the reference 

pointt over the onset, because it can be unambiguously defined. When the 

distributionn of fig. 3.4A was aligned with respect to the onset of the population 

spike,, it remained bimodal, but the two peaks had slightly larger variation. 

However,, all cells would have been classified in the same two input groups. 

Wee repeated these experiments in hippocampal slices of which the CA3 was 

removedd with a cut. Schaffer collateral stimulation again evoked short—latency 

inputt in some interneurons (n=4) and long-latency input in others (n=4), with 

timingtiming falling within the ranges determined above. This excluded that antidromic 

activationn of the CA3 and subsequent synaptic activation of other CA3 pyramidal 

cellss does not contribute to the difference in input latency. 

Variatio nn in timin g 

Inn addition to the difference in latency relative to the population spike, the two 

typess of input also differed in the temporal jitter observed in repeated 

measurementss from the same cell (compare the variance in the vertical direction of 

fig.fig. 3.3C and 3.3F). To quantify this, we determined for each individual cell the 

standardd deviation of the latency of the synaptic current over all stimulus 

intensities.. We subsequently determined the mean jitter of all cells in the two 

groups.. The jitter was significantly larger for long-latency input compared to 

short-latencyy input 2 ms versus 1.2+0.1 ms; p<0.01). This difference in jitter 

cann also be appreciated from the vertical error bars in fig. 3.4B (number of 

observationss were similar in both groups). The timing of the peak of the 

populationn spike was robust and had a temporal jitter of 1.0+0.1 ms, comparable to 

thee short-latency input. 
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Figur ee 3.5. High Ca2 +/ high Mg2+ solution 
Whenn the superfusion medium of the slices was switched from ACSF to a solution that 
containedd 4 mM Ca2+ and 4 mM Mg2+, the population spike in the extracellular recording 
disappeared,, while the field PSP decreased in amplitude. Short-latency input to an 
intemeuronn (A) decreased in amplitude, but remained, while long-latency input (B) 
disappeared.. The lower traces show the field potentials (FP) and voltage clamp (VC) 
recordingss in normal ACSF (1) and in the high Ca2+/high Mg2+ solution (2). Traces are 
averagess of 3—5 traces. 

Relationn between amplitud e of population spike and synaptic current 

Inn order to examine a possible causal relation between population spike and 

intemeuronn input (as suggested by fig. 3.3B and 3.3E), the slices were supervised 

withh a solution that contained 4 mM Ca2+ and 4 mM Mg2+. Such high 

concentrationss of divalent ions stabilize the membrane, differentially affecting the 

thresholdd for synaptic current and for action potential firing (Berry and Pentreath 

1976;; Mies et al. 1988). The high Mg2+ concentration decreases the presynaptic 

releasee probability, thus reducing the postsynaptic amplitude and field PSP (Berry 

andd Pentreath 1976). Superfusion of the slices with the high Ca2+/ high Mg2+ 

solutionn resulted in a decrease in the amplitude of the field PSP, while the 

populationn spike disappeared completely. In a typical intemeuron that received 
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short-latencyy input the amplitude of the synaptic current decreased to about 30% 

off  its starting value (fig. 3.5A). The mean value of all interneurons with short-

latencyy input was % (n=5). In all interneurons with long-latency input (n=4) 

thee synaptic current completely disappeared (fig. 3.5B). The time course of the 

changess also supported a causal relation between population spike and long-latency 

current.. Switching to the high Ca2+/ high Mg2+ solution did not significandy change 

thee latency of the short-latency synaptic input. The decay time constant of the 

short-latencyy input was smaller in the high Ca2+/ high Mg2+ solution in most cells 

(thee mean reduction in the decay time constant was 35+16% (n=5)). This could 

indicatee the disappearance of a long-latency input component that was hidden in 

thee decay of the current in the normal ACSF (see also below). During the switch of 

thee superfusion solution the input resistance of the cell was not affected. When 

switchingg back to normal ACSF the patch clamp recordings often deteriorated, but 

thee population spike in the field potential always reappeared. 

Interneuron ss wit h both types of input 

I tt was surprising that the synaptic input in the interneurons fell into one of two 

well-separatedd groups according to their timing with respect to the population 

spike.. This does not necessarily mean that the interneurons receive exclusively one 

typee of input under all circumstances. Some interneurons were encountered that 

showedd mixed inputs after the Schaffer collateral stimulation. In 3 of the 18 

interneuronss that received short-latency input after the stimulus, a second synaptic 

componentt could occasionally be distinguished (fig. 3.6A). This additional long-

latencyy component was only present at high stimulus intensities. We can not 

excludee that more interneurons with short-latency input received a small long-

latencyy input, but the additional synaptic component was hard to distinguish in the 

(often)) noisy decay phase of the synaptic current. The faster rise times but similar 

decayy kinetics of the short—latency input compared to the long—latency input could 

indicatee this mixture of inputs (Wierenga and Wadman 2002a). 

Inn 16 of the 22 interneurons in which the stimulus evoked long—latency input, 

short-latencyy components were never observed. In the other 6 interneurons, the 

synapticc current sometimes had a small early component (fig. 3.6B) of which the 

timingg fell within the short-latency input as defined above. It was typically very 

smalll  and was not reliably evoked with every stimulus. In only 4 of the 44 

interneuronss the stimulus evoked both types of input consistendy (fig. 3.6C). Also 

inn these neurons the timing of the two components fell within one of the two 

groupss established above. Because of the complicated nature of these signals these 

fourr interneurons were not included in the further analysis. 

64 4 



Feedforwardd and feedback input 

Figur ee 3.6. Additiona l input components 
A,, Example of an interneuron that received predominantly short-latency input, but 
occasionallyy received an additional long-latency component (*). This component only 
appearedd at high stimulus intensities. B, Example of an interneuron that received long-
latencyy input with occasionally an additional short-latency component (arrow). C, 
Examplee of an interneuron in which the stimulation evoked both types of input. Upper 
tracess are field potential recordings (FP), lower traces are voltage clamp recordings from 
interneuronss (VC). All traces are single traces. Darker traces indicate higher stimulus 
intensities.. The dashed vertical lines indicate the peak of the population spike in the 
darkestt traces. 

Responsee curves 

Thee previous paragraphs provide evidence for separation of the interneurons into 

twoo groups with distinct inputs. In addition we show that the amplitude of these 

twoo types of input has a distinct relation with stimulus intensity. The amplitude of 

thee synaptic current in the interneuron, the extracellular field PSP and the 

populationn spike were determined for a range of stimulus intensities. For each cell 

wee constructed the function that relates the mean response of the synaptic current 

andd the simultaneously recorded population parameters to stimulus intensity. The 

amplitudee of the population spike is an indication of the number and synchrony of 

dischargingg pyramidal cells (Andersen et al. 1971; Varona et al. 2000). To allow a 
quantitativee comparison of the response curves, we restricted the number of 

parameterss to describe them. Fitting a sigmoidal function (Eq. 1) was adequate for 

thiss purpose and yielded estimates for  the stimulus intensity at half-maximal 

responsee (Ihalf) and for the slope factor S of the response curves. The latter is 

smallerr for steeper slopes. The threshold and the range of stimulus intensities to 
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whichh the input of an interneuron is sensitive determine its recruitment in the 

network.. The means of the parameters of the response curves were calculated over 

alll  cells in a group. The response curve of the population spike was steeper than 

thatt of the field PSP. This reflects the nonlinear relation between the population 

spikee and the field PSP. 

Thee synaptic response curve for short-latency input was located to the left of 

responsee curve of the population spike for 15 of the 16 interneurons (fig. 3.7A). 

Thee mean threshold intensity for this input was significantly lower than for the 

populationn spike (table 3.2). The low threshold indicates a high sensitivity of 

interneuronss to changes in this type of input at low stimulus intensities, when most 

pyramidall  cells are not yet activated. 

short-latency y long-latency y 

1000 200 300 400 500 

stimuluss intensity (uA) 

1000 200 300 400 500 

stimuluss intensity (uA) 

1000 200 300 400 500 

stimuluss intensity (uA) 

Figur ee 3.7. Response curves 

A,, The response curve for an interneuron with short—latency input was positioned left of 
thee population spike response curve. The threshold of short—latency input was lower than 
thatt of the population spike. B—C, The long-latency response curves were located to the 
rightt of the population spike response curves, sometimes overlapping (B). The response 
curvess for long-latency input were graded. C, Example of an interneuron with long-
latencyy input that did not saturate at intensities that evoked a maximal population spike. 
Thiss was observed in 5 of 18 interneurons. Symbols are amplitudes of synaptic input 
(filledd diamonds), population spike (filled circles) and field PSP (open circles). Lines are 
fitsfits with equation (3.1). 
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Forr long-latency input the response curve was located to the right of the 

populationn spike response curve (fig. 3.7C and B) for 13 of the 15 interneurons. 

Interestingly,, the response curves of the long—latency synaptic current in 

interneuronss were graded. This indicates that many CA1 pyramidal cells project to 

eachh interneuron. Long-latency input measured in single interneurons could be a 

reliablee indicator of pyramidal cell population activity. The stimulus threshold for 

evokingg long-latency input and for evoking a population spike was similar (table 

3.2)) and higher than for evoking short-latency input. In some interneurons (5/15) 

thatt received long—latency input, a stimulus intensity range existed in which the 

populationn spike amplitude was maximal, but the curve for the synaptic response 

stilll  increased (fig. 3.7C). 

populationn spike (n=31) 
fieldfield PSP (n=31) 
short-latencyy input (n=16) 
long-latencyy input (n=15) 

ïhalff  (MA) 

* * 
1600 ! 

t,* * 1199 1 
2099  29 

S(HA) ) 

355 * 
f f 

8 8 
f f 

thresholdd (\iA) 

1244 * 
600  11 ^ 
211 3 

1099  22 

Tablee 3.2. Parameters of the sigmoidal fi t of the response curves 
Meann  S.E.M. of the half-maximal stimulus intensity I^f , the slope factor S and the 
thresholdd intensity. Note diat the slope of the curve increases with decreasing S. 
Thresholdd was defined as the stimulus intensity at which the response exceeded 10% of 
itss maximal value. Indicated are values that were significandy different from field PSP 
valuess (*) or from population spike values (f; p<0.05, paired Student's t test). 

DISCUSSION N 

Informationn processing in the central nervous system is performed in circuits of 

highlyy interconnected principal neurons and interneurons. In this study we 

recordedd synaptic currents in individual interneurons in the hippocampal CA1 

regionn and related them to local population activity evoked by Schaffer collateral 

stimulation.. Almost all interneurons (44/47) in this region were involved in the 

locall  circuit as was demonstrated by the presence of synaptic responses after the 

Schafferr collateral stimulation. Timing and amplitude of the synaptic currents were 

usedd to characterize the input to the interneurons. We found that two distinct types 

off  synaptic input to the CAI interneurons could be distinguished. The long-latency 

inputt was causally related to the occurrence of the population spike in the field 
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potentiall  recording, while the short-latency input could be observed even in the 

absencee of a population spike. The two types of input also differed in their 

temporall  jitter and in their amplitude relation to stimulus intensity as elucidated by 

thee response curves. 

Al ll  interneurons are incorporated in the circuit that translates Schaffer Collateral 

activationn into pyramidal cell activity. The difference in timing, in causal relation 

withh the population spike and the difference in response curves between the two 

inputt types, indicated a specific participation of the corresponding interneurons in 

thee network activity. This suggests that long—latency and short-latency input could 

welll  represent feedback respectively feedforward input to the interneurons. 

Interneuron s s 

Thee cell bodies of the interneurons in this study were located in stratum oriens, 

pyramidalee or radiatum and their dendritic trees had an orientation perpendicular to 

thee pyramidal cell layer. Based on previous, morphologically detailed reports on 

interneuronss from this area, our group of interneurons probably consisted of 

basket,, bistratified and axo-axonic cells (Ali et al. 1998; Lacaille 1991; Li et al. 1992; 

Pawelzikk et al. 1999). The axons of the interneurons in the present study ramified 

inn stratum oriens, pyramidale and/or radiatum, in agreement with previous reports. 

Physiologicall  properties, such as membrane time constant, input resistance and 

firingg rate were variable among the interneurons, consistent with earlier reports (Ali 

ett al. 1998; Buhl et al. 1996b; Morin et al. 1996). We have no data that permitted 

furtherr sub—classification of the recorded interneurons, but the properties 

measuredd in this study do not give us any indication that interneurons in which the 

stimuluss evoked short—latency input had different cellular properties compared to 

interneuronss that received long-latency input. 

Timin gg of the synaptic response 

Schafferr collateral stimulation can activate the interneurons in the CA1 network in 

aa feedforward and in a feedback way (fig. 3.1 B). In feedback mode, the 

interneuronss receive input from the CA1 principal cell population (Andersen et al. 

1963;; Andersen et al. 1964; Kandel et al. 1961) that is first activated by the Schaffer 

collaterals.. In the feedforward mode the interneurons are monosynaptically 

activatedd by the Schaffer collaterals, which also project to dendrites of the principal 

cellss (Buzsaki and Eidelberg 1982; Lacaille 1991; Sah et al. 1990). The differences 

betweenn short- and long-latency input suggest that the two types of input that we 
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distinguish,, correspond to functional feedforward and feedback input of the 

interneuronss that we measured. 

Forr feedback input to the intemeurons, the stimulus first has to activate the 

pyramidall  cells. Their highly synchronized firing, reflected in the population spike, 

formss the stimulus for the intemeurons. The time between the pyramidal cell firing 

andd feedback input to an interneuron includes one synaptic delay (~1 ms) and an 

unknownn axonal delay. Therefore, feedback input is expected to occur at least 1 ms 

laterr than the onset of the population spike. This is in line with the separation 

obtainedd in figure 3.4A. Input with a shorter latency than feedback is characterized 

ass feedforward. This separation could erroneously classify feedforward input with 

ann exceptionally long latency as feedback, but we never observed such input in our 

recordingss (see arguments below). In addition, the long-latency input showed 

largerr temporal jitter compared to short-latency input. Such a difference in timing 

iss expected between a monosynaptic feedforward and bisynaptic feedback 

connection.. Furthermore, long-latency input was never observed in the absence of 

ann extracellular population spike in normal ACSF as well as high Ca2+/ high Mg + 

solution.. This is expected for feedback input and contrasts with the observations 

forr short-latency input. Finally, the distinct dependence on stimulus intensity of the 

synapticc current in the intemeurons and the population spike further substantiated 

thee functional relevance of our distinction between the two types of input. 

Amplitud ee of the synaptic response 

AA remarkable observation was that long—latency input to CA1 intemeurons 

increasedd gradually with stimulation intensity (fig. 3.7B and C), almost over the full 

stimulationn range. The alternative possibility of a steep all-or-none response was 

neverr observed. A graded response curve for both synaptic current and population 

spikee implies that this type of input to the intemeurons reflects the activity in the 

pyramidall  cell population. This suggests a large functional convergence of CA1 

pyramidall  cells onto the interneuron. This conclusion is the functional 

confirmationn of existing anatomical data (Blasco-Ibanez and Freund 1995; Gulyas 

ett al. 1999). A more realistic activity in the Schaffer collaterals than our highly 

synchronizedd artificial stimulation paradigm would only smooth the graded 

responsee further. Intemeurons that receive input reflecting the activity of the 

populationn that they inhibit, are well suited for normalizing the population activity. 

Inn some intemeurons proposed feedback input saturated at a higher stimulus 

intensityy than the pyramidal cell activity. This will increase stability, because in such 

aa network, normalization by the feedback circuitry can function over the full 

activityy range of the principal cells. 
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Thee response curves also showed that short-latency input was often present at 

stimuluss intensities that were too low to evoke a population spike. This situation is 

impossiblee for feedback input and supports the interpretation as feedforward input. 

Thee similar activation threshold of short-latency input and extracellular field PSP 

suggestss that the afferent fibers that project to the interneurons overlap with the 

fibersfibers evoking the field response. The response curve of the feedforward input was 

locatedd left from the response curve of the population spike, indicating that 

interneuronss with feedforward input are most sensitive to input changes when 

nonee or only a few of the CA1 pyramidal cells are active (Karnup and Stelzer 1999). 

Interneuron ss without short-latency input 

Al ll  reconstructed interneurons in the present study had dendrites in the Schaffer 

collaterall  projection area (i.e. stratum radiatum) and the projection area of CA1 

pyramidall  cells (i.e. stratum oriens). Anatomically these interneurons can receive 

bothh feedforward and feedback input (Buhl et al. 1994b; Buhl et al. 1996b; Lacaille 

etal.. 1987). 

Ourr observations indicate that under our conditions Schaffer collateral 

stimulationn is capable of selectively activating that part of the circuit that evokes 

long—latencyy responses in some interneurons. The presence of short-latency input 

inn an interneuron with long-latency input would have been easily identified as an 

earlyy bump in the recording. The absence of short-latency input in some 

interneuronss was not due to the absence of Schaffer collaterals at the location of 

theirr dendrites, as CA1 pyramidal cells nearby did receive Schaffer collateral input. 

Thiss observation suggests that in addition to the anatomical organization, a 

functionall  organization in the connectivity of the Schaffer collaterals to 

interneuronss in the CA1 exists. Feedback and feedforward input are not mutually 

exclusive,, and we indeed observed interneurons that showed mixed inputs 

(Wierengaa and Wadman 2002a). It is possible that the type of input to the 

interneuronss depends on the specific subpopulation of Schaffer Collateral fibers 

thatt was stimulated. Our findings suggest that either the Schaffer collaterals avoid 

makingg synapses on some interneurons, or that existing synapses are weak. The 

ratioo of interneurons in which the stimulus evoked a particular type of input found 

inn the present study (18 versus 22) could be highly dependent on the experimental 

conditions.. Because excitatory synapses onto interneurons can express forms of 

plasticityy (Cowan et al. 1998; McBain et al. 1999; McMahon and Kauer 1997), we 

mightt even expect that the relative strengths of feedforward and feedback input to 

ann interneuron is not fixed. 

70 0 



Feedforwardd and feedback input 

Functionall  implication s 

Inn most interneurons the stimulus evoked one dominant type of functional synaptic 

input.. This offered the possibility to investigate the response curves for the two 

typess of input. The type of input that an interneuron receives during activation of 

thee local network determines when and how strong it is activated relative to the 

population.. This sets important constraints for its possible function in the local 

circuit.. Interneurons with feedforward input can be activated already at low 

stimuluss intensities when only a few CA1 pyramidal cells are activated. They add an 

inhibitoryy component to the input of the CA1 pyramidal cells and so expand the 

inputt range of the principal neurons (Hausser and Clark 1997; Karnup and Stelzer 

1999;; Paulsen and Moser 1998; Pouille and Scanziani 2001). The graded response 

curvee of the long-latency input provides graded feedback inhibition instead of an 

'emergencyy brake' that limits the maximal network output. Our observation that 

feedbackk input to interneurons reflects the activity of the pyramidal cell population 

suggestss that feedback inhibition can function as normalization or scaling. Such a 

normalizationn function wil l be useful in highly plastic neuronal circuits such as the 

hippocampall  CA1 area. 
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