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The temporal interaction of evoked synaptic excitation and GABA ,-mediated inhibition was
examined in CA1 pyramidal cells. Single and paired intracellular recordings were carried out
in pyramidal cell dendrites and somata, and interneurons of the guinea-pig hippocampal
slice. Current-clamp, sharp electrode and whole-cell voltage-clamp recordings were made.

Kinetics of dendritic and somatic inhibitory responses were similar. Notably, kinetics of
dendritic unitary IPSPs were as fast as kinetics of somatic unitary IPSPs.

GABA ,-mediated influences were present throughout the orthodromic pyramidal cell
EPSP/EPSC. Comparison of the kinetics of pharmacologically isolated monosynaptic IPSPs,
IPSCs and inhibitory conductances (ggapa,), showed fastest kinetics for ggapa,. Close
temporal overlap was observed between monosynaptic ggaps, and the rising phase of the
evoked EPSP/EPSC. The onset of ggapa, coincided with or preceded onset of the
EPSP/EPSC.

Onsets of feedforward IPSPs coincided with the rising phase of the pyramidal cell EPSP
in>80% of paired recordings. Fastest feedforward inhibitory responses exerted near
complete overlap with evoked excitation.

Onsets of recurrent IPSPs did not occur during the rising phase of the evoked EPSP,
but > 3:0 ms after the peak of the pyramidal cell EPSP.

Orthodromically evoked interneuron spikes were observed at stimulation intensities that
were below the threshold for eliciting EPSPs in concomitantly recorded pyramidal cells. The
activation of feedforward inhibitory responses by weakest excitatory input, and the large
temporal overlap between feedforward inhibition and evoked excitation, suggest that in situ
any excitatory input in CA1 is effectively controlled by fast synaptic inhibition.
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The response to afferent fibre stimulation (‘orthodromic
response’) is a commonly used measure of excitability of
neuronal populations. An excitatory (EPSP) and inhibitory
(IPSP) component was identified by studies of the
orthodromic response in hippocampal pyramidal cells in
vivo (Kandel et al. 1961; Andersen el al. 1963, 1964). This
basic sequence of orthodromic EPSP—IPSP has been
confirmed since then: the response that is elicited by
stimulation of the Schaffer collateral-commissural pathway
consists of a fast EPSP/EPSC mediated primarily by
AMPA receptors, followed by an early IPSP/IPSC mediated
by GABA, receptors and a late IPSP/IPSC mediated by
GABA, receptors. Despite such clear separation of
postsynaptic potentials (PSPs) or currents (PSCs), it is
conceivable that inhibitory influences may be present long
before the population IPSP is expressed. If so, how large is
the temporal overlap with the orthodromic EPSP/EPSC?

This study has focused on three points. First, the kinetics of
dendritic inhibition were studied. Several previous studies
have reported that the kinetics of dendritic inhibitory
responses were slower than those of somatic responses in
pyramidal cells (Miles, 1990b; Pearce, 1993; Buhl et al.
1994a). Second, kinetics of different inhibitory responses,
ie. IPSPs, IPSCs and conductance changes, were
investigated. It was suggested that inhibitory conductance
changes are faster than IPSPs (Araki et al. 1960) or inhibitory
currents (Koch, 1985). Third, time courses of various
components of the circuitry were studied: a monosynaptic
inhibitory response is elicited via direct electrical stimulation
of interneuron processes (Davies et al. 1990). Activation of
afferent fibres results in a feedforward inhibitory response
in CA1 pyramidal cells via synaptic activation of CA1
interneurons (Knowles & Schwartzkroin, 1981; Alger &
Nicoll, 1982; Buzsaki & Eidelberg, 1982; Ashwood et al.
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1984; Lacaille & Schwartzkroin, 1988; Lacaille, 1991; Buhl
et al. 1994b). A recurrent inhibitory response is activated by
synaptic pyramidal cell action potentials (APs) (Kandel et
al. 1961; Andersen et al. 1963, 1964).

Knowledge of the temporal interaction between inhibitory
components and orthodromic excitation is pivotal for the
understanding of how activity-dependent changes of
inhibition will affect the orthodromic EPSP. Activity-
dependent impairment of GABA , receptor function (Stelzer
et al. 1994; Wang & Stelzer, 1996) decreases the eflicacy of
all three inhibitory components. Possible increase of inter-
neuron excitability (interneuron long-term potentiation;
Buzsaki & Eidelberg, 1982; Taube & Schwartzkroin, 1987,
Stelzer et al. 1994; Quardouz & Lacaille, 1995) will enhance
the efficacy of feedforward inhibition. The eflicacy of
recurrent inhibition is enhanced by both pyramidal cell
long-term potentiation (LTP) and interneuron LTP.

METHODS

Brain slices

Transverse hippocampal slices (Yamamoto, 1972; Schwartzkroin,
1975) were obtained from adult guinea-pigs (Hartley, from Harlan
Sprague—Dawley, Inc., Indianapolis, IN, USA; 150-200 g). Guinea-
pigs were anaesthetized by inhalation of halothane (2-bromo-2-
chloro-1,1,1-trifluoroethane) before decapitation with an animal
guillotine. After removal of the brain and isolation of the
hippocampus, slices of 450 gm thickness were cut on a Mcllwain
tissue chopper. The procedures conformed with the guidelines of the
Institutional Animal Care and Use Committee (protocol no.
9808069). Slices were superfused in an interface recording chamber
(Fine Science Tools, Belmont, CA, USA) with a solution saturated
with 95% O, and 5% CO, (temperature, 30—32 °C) of the following
composition (mm): 118 NaCl, 3 KCl, 25 NaHCO,, 1-2 NaH,PO,,
12 MgCl,, 1-7 CaCl, and 11 p-glucose.

Electrophysiological recordings

Sharp electrode recordings. Sharp microelectrode recordings in
current clamp or discontinuous single-electrode voltage clamp
(dSEVC) were carried out in CAl pyramidal cells (n=43 in
somata, n=062 in apical dendrites) and stratum pyramidale
interneurons (n=29). Impalements were made with glass pipettes
(World Precision Instruments, Inc., Sarasota, FL, USA) pulled
using a Brown—Flaming electrode puller (Model P-87, Sutter
Instrument Co., Novato, CA, USA). Tracking was performed with
manually controlled manipulators (Narishige, Tokyo, Japan). The
standard electrode content of pyramidal cell recordings was
potassium acetate (2—-3m) yielding 40-100 MQ electrode
resistances. Identification criteria for dendritic recordings were the
recording site in stratum radiatum (between 150 and 400 gm
perpendicular to stratum pyramidale) and burst responses to
current injection (Wong et al. 1979).

Interneuron identification. Interneurons were recorded singly or
simultaneously with pyramidal cells. The following criteria were
used to identify interneurons physiologically (Schwartzkroin &
Mathers, 1978): symmetrical spike shape (Fig.54, inset),
prominent spike afterhyperpolarization (AHP; Fig.5B, inset) and
firing patterns (e.g. Fig. 5B, inset). Intracellular biocytin staining
(2% in 2 M potassium acetate; see Somogyi & Takagi, 1982; Buhl et
al. 1994a) was used to distinguish three subtypes of CAl stratum
pyramidale interneurons based on their axonal arborization
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(Fig.5E) (Buhl et al. 1994a; Miles et al. 1996). Stained cells were
viewed in a Nikon Optiphot-2 microscope. Twenty-eight of 97
physiologically identified interneurons could be held long enough
for sufficient biocytin filling and conclusive subtype identification
(see Table 3).

For dual interneuron—pyramidal cell recordings, the interneuron
recording was always established first. Only interneurons that
exhibited no spontaneous firing at resting membrane potential were
studied; spontaneously firing cells were discarded. A concomitant
dendritic pyramidal cell recording — without biocytin in the
recording pipette — was then established in stratum radiatum
(within 100—400 gm from the interneuron location). Synaptic
coupling between the two neurons was tested by eliciting APs in
the interneuron (through injection of depolarizing current pulses,
0:1-0-6 nA, 200-300 ms duration). If a monosynaptic IPSP in
response to interneuron AP could not be established, the dendritic
recording was usually discontinued after a few orthodromic
responses. Additional dendritic (up to eight in two pairs) and then
somatic pyramidal cell recordings were carried out as long as the
interneuron lasted.

Whole-cell voltage-clamp recordings. Whole-cell voltage-clamp
recordings were performed in pyramidal cell somata using the
‘blind’ tracking method (Blanton et al. 1989; Marty & Neher, 1995).
Patch pipettes were pulled from thin-walled borosilicate glass
without filaments (1:5mm o.d., 117 mm i.d.; TW 150-6, from
WPI) on a Brown—Flaming puller (Sutter Instruments). Tip
diameters (1 gm), which were routinely assessed under the light
microscope, yielded electrode resistances between 3 and 6 MQ. For
seal formation, the amplifier (Axoclamp-2A, Axon Instruments,
Inc., Foster City, CA, USA) was set to continuous (‘bridge’) mode
and current pulses (0:1-0:2nA, 20 ms, repeated every 100 ms)
were injected. Patch electrode settling and capacitance compensation
were performed in current clamp. Electrode time constants were
shortened with capacitance compensation to 10—-30 us. Sampling
frequencies were 5—7 kHz.

Data aquisition and analysis

Evoked responses were elicited by stimulation of stratum radiatum
Schaffer collateral-commissural fibres through a pair of insulated
tungsten bipolar electrodes (stimulation range 15-800 pA). Voltage
signals of dual recordings were recorded and amplified with an
Axoprobe-1A (Axon Instruments). Voltage and current signals of
single recordings recorded in both dSEVC and current clamp were
amplified by Axoclamp (Axon Instriments). Data were sampled at
rates ranging from 25 to 10 kHz (—3 dB) and filtered with a cut-off’
frequency of 1-5 kHz. The voltage and current signals were fed into
separate channels of an A/D converter (Digidata 1200, Axon
Instruments) digitized, stored and analysed off-line using pCLAMP6
software from Axon Instruments on a Pentium PC. Statistical
significance was accepted at the P < 0-05 level in various tests.

Drugs

With the exception of intracellularly applied biocytin (Sigma), all
drugs, bicuculline (Bic), picrotoxin (PTX), 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX), p-aminophosphonovalerate (p-AP5)
and saclofen, were applied by bath perfusion. CNQX, p-AP5 and
saclofen were purchased from Tocris Cookson, Inc. (Ballwin, MO,
USA); all other drugs were from Sigma.

Abbreviations

{; is the poststimulation latency to the event specified by the
subscript. For example, #p mono 1psp.onsety d€notes the latency
between stimulation artifact and onset of the stimulation-evoked
monosynaptic IPSP in a pyramidal (P) cell.
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At;_y is the time lag between two events. For example,
Al (1 AP peak_Pp PSP onsety d€NOtes the latency between peak of an AP
in an interneuron (I) and onset of the unitary IPSP in a
synaptically coupled pyramidal cell.

Jaasa, 18 the GABA, receptor-mediated conductance. AHP
denotes afterhyperpolarization; V,, is membrane potential, V.18
AP threshold potential, and V,; is resting membrane potential.

RESULTS

The aim of this study was to evaluate the temporal overlap
between the excitatory and inhibitory components of the
orthodromic response in CA1 pyramidal cells. At what
poststimulation latency of the orthodromic response are
GABA ,-mediated influences present? The large enhancement
of all non-GABA , components of the orthodromic response
(EPSP and late IPSP, respectively) during PTX application
(Fig.14) indicates that GABA,-mediated influences are
present throughout the orthodromic response. Notably,
enhancement of the EPSP slope by GABA, antagonists
(Fig.14a and B) suggests that fast synaptic inhibition
controls the rising phase of the orthodromic EPSP: in six
dendritic pyramidal cell recordings, bicuculline (100 gm)
application increased EPSP slopes between 167 and 1048 %
(mean, 372+69%). D-AP5 (40-100 um) was present
throughout the experiments (see Fig.1B), which
demonstrates that the EPSP increase was not caused by
NMDA-dependent potentiation of AMPA currents (cf.
Pananceau et al. 1997). In about a third of dendritic
recordings, a small IPSP preceded the onset of the
orthodromic EPSP (Fig. 1 B).

Monosynaptic inhibition
Comparison of the kinetics of orthodromic excitation and
monosynaptic inhibition in the same cells was achieved by

Figure 1. Effects of GABA , receptor blockade on orthodromic

potentials in CA1 pyramidal cells

Aa, superimposed responses in a pyramidal cell soma before and after
application of picrotoxin (PTX, 100 gm). Control and PTX recordings
(=64 mV; 150 xA stimulation intensities; 1000 gm
distance between stratum radiatum stimulation site and perpendicular
line through stratum pyramidale recording site). 4b, depiction of same
recordings (shown above) on an extended time scale. B, superimposed
orthodromic responses in a CA1 pyramidal cell apical dendrite before
(Con) and after application of bicuculline (Bic, 100 um). Bicuculline was
added to p-AP5 (40 pm)- and saclofen (100 pm)-containing control

were obtained at V.
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the following protocol: the orthodromic response was
recorded first. The same stimulation (with respect to site
and intensity) was then applied following application of
CNQX, p-AP5 and saclofen (Figs2—4; Table1). The
resulting pharmacologically isolated inhibitory responses
(monosynaptic IPSP, IPSC and conductance change (gaga,))
were in all cases completely blocked by bicuculline (100 g,
not shown).

Temporal comparison of monosynaptic IPSP/IPSC and
EPSP/EPSC. In nine dendritic and seven somatic
preparations, recordings were carried out in both current

clamp and dSEVC (Figs 2—4; Table 1A).

Kinetics of IPSCs were faster than IPSPs (Table 1A;
Fig. 2D). Mean differences between fpsp pear) a0 £ 1psc peax)
were 57 + 07 ms in dendritic (n=9) and 52 + 0-5 ms in
somatic (n=T7) recordings. In contrast to IPSP/IPSCs, no
significant differences in kinetics were observed between
EPSPs and EPSCs: mean differences between fgpgp pear)
and fgpgo peaxy Were only 0-8 + 0°2 ms in dendritic (n=9)
and 0:7 £+ 0:3 ms in somatic (n = 7) recordings.

The latencies to onsets of all responses — orthodromic EPSP/
EPSCs, monosynaptic IPSP/IPSCs — were statistically
identical in both groups of recordings, somata and dendrites
(ANOVA) (Table 1A). With the exception of latencies to
onset, however, kinetics of IPSP/IPSCs were considerably
slower than those of EPSP/EPSCs. For example, rise times
(10—90%) and latencies to peak of the monosynaptic IPSP,
were on average more than twice as long as those of the
orthodromic EPSP (Table 1A and B, Fig.2B). Mean
differences  between  !gpsp peary aNd L (1psp peaxy WeTE
80+ 11 ms in dendritic and 10:6 + 1-6 ms in somatic
recordings. Temporal overlap between EPSP and IPSP was
modest (Fig. 2B). Due to the faster kinetics of IPSCs, mean

A

a

solution. Each trace (Con and Bic) represents the average of 15 individual B

recordings. Recordings were obtained at V., (—63 mV) by the same
stimulation protocol (65 A, 100 us). All recordings in 4 and B were
carried out in ‘minislices’ in which the CA3 region was cut off by

dissection.
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Table 1. Kinetics of stimulation-evoked excitatory (EPSP, EPSC) and monosynaptic inhibitory

responses (IPSP, IPSC, ggapa,)

A.PSP/Cs Dendrites (n =9) Somata (n = T7)
t(EPSP,onseL) (ms) 2:8+£ 05 2:94+ 05

L apsP onset) (ms) 284+ 03 2:8+ 06

¢ Epsc onser) (1) 2:7+ 03 304+ 05
tapsc,onset) (ms) 31 +£07 3:0+03
l@psp peax) (15) 77+05 76 + 0-7
t(IPSP,peak) (ms) 167 + 1:3* 181 + 1-9%
¢ @psc,peak) (MS) 704+ 06 714+ 06

L tpsc,peat) (MS) 1124 21 *F 1334 1-7*%

B.PSPsand ggapa,

Dendrites (n= 14)

Somata (n=11)

Jaana,, rise time (ms) 27+ 04 2:9 £ 06
IPSP, rise time (ms) 574+1-1%* 664+ 0-8%
EPSP, rise time (ms) 2:6+0'5 2:7+ 06
Lpeak.geans o) (0S) 61 +07 69+ 09
L apsp,peat) (M8 152+ 2-1% 18:3 £ 2:4%*
! @psp peak) (MS) 7:0 £ 06 6-8+ 08

AP peak) (ms)

71414 (n=3)

70+ 11 (n=4)

C. ggapa, (% of peak)

Dendrites (n= 14)

Somata (n=11)

Percentage of peak at ¢ psp onget) 158 £ 36 111 £2-3
Percentage of peak at ¢ psp peax) 755+ 84 705+ 109
Percentage of peak at ¢ gpsp onset) 13-8 + 46 107 £ 37
Percentage of peak at ¢ gpsp peak) 941 £ 55 91-:9+ 73

Percentage of peak at #yp onset)

945 + 74 (n=13)

93-2 4 94 (n=4)

D. PSP/Cs and ¢ GABA,

Dendrites (n=17)

Somata (n = 4)

R ) 184 + 36 204 + 42
L apscs pearo (105) 12:3 + 2:3% 139+ 3-3%
Lpeak. g a) (ms) 654+ 09* 714+ 21%
s pear (M) 61+ 1-0 67+ 15
{ @psc.peak) (ms) 6:2+ 08 6:5+1-2

A, kinetics of stimulation-evoked EPSPs, EPSCs, IPSPs and IPSCs recorded alternately in current-clamp
and voltage-clamp mode in the same cells. In all comparisons, values of latencies to onset (EPSP, EPSC,
IPSP, IPSC) were statistically identical in dendritic and somatic recordings (P > 0-05, ANOVA). Band C,
kinetics of inhibitory conductances (ggapa,), EPSP and IPSP. B, comparison of rise time and latencies to
peaks; C, percentage of the peak value of ggap,, at the time of denoted parameters. Peak ggaps, Were
13:-5+ 46 nS (mean + s.EM. in 14 dendritic recordings) and 11-3 +3-6nS (11 somatic recordings).
D, latencies to peaks of gqaga,, IPSC, IPSP, EPSP and EPSC recorded in current clamp and discontinuous
single-electrode voltage clamp in the same cells. In all recordings, respective orthodromic excitatory
responses (EPSPs, EPSCs) were recorded first, respective inhibitory responses (IPSPs, IPSCs, ggapa,)
following application of CNQX (20—100 um), p-AP5 (40—100 um) and saclofen (100 um). The stimulation
protocol (intensity adjusted to generate half-maximal EPSPs; 500 um distance between recording and
stimulation sites) was applied to elicit EPSP/EPSCs and IPSP/IPSCs, ggapa,. Data are depicted as
means + s.E.M. separated into recordings of somata and apical dendrites of CA1 pyramidal cells
(n=number of recordings). ¢ denotes the time of poststimulation latency measured from the onset of the
stimulation artifact (see Fig.2B). In all comparisons (A—D), kinetics of the same parameter showed no
significant differences between dendritic and somatic recordings. * Significant difference between the
inhibitory and excitatory parameter listed in the row above (e.g. {psp pear) A #@psp peary); T significant
difference between { psc peaky 204 ¢ (1psp peat)-

J. Physiol. 516.2
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differences  between  {ppscpeary aNd  frpsc peary  Were
somewhat smaller: 4:3 +0:7 ms in dendritic (n=9) and
71 +£09ms in somatic recordings (n=7). However,
temporal overlap between EPSC and TPSC was still rather
small (Fig.2C). The same conclusion was reached when
comparing EPSCs and IPSCs that were measured in somatic
whole-cell recordings. Latencies to {gpsc pear) (5'8 & 1°2 ms;
n=1>5) and t0 {psc peaxy (12'5 £ 1'5 ms; n =>5) and mean
differences (6:8 + 1-2 ms) were not statistically different
when comparing the respective values obtained from sharp-
electrode and whole-cell recordings (P > 0-05, ANOVA).

Kinetics of GABA ,-mediated conductances (ggapa,)-
Inhibitory conductance changes (ggapa,) Were obtained by
the membrane voltage deflection in response to short hyper-

polarizing current pulses during the monosynaptic

A
CA1
m Str. pyramidale
R Str. radiatum
5 o Fesllaxon
C_ Schaffer collaterals
Stim.
0-5 mm
B D
] @ : t
;‘—I
: @ (EPSP peak)
E t(EPSP onset)
' zk(IPSP onset)
! zl(IPSP peak)
=
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inhibitory response (Fig. 34). In 14 dendritic and 11 somatic
recordings, both ggapa, and corresponding IPSPs were
(Table 1B and Fig.3C). The comparison
demonstrated considerably faster kinetics of conductances.
Rise times (10-90%) of g pa, Were on average > 2 times
faster than those of IPSPs (Table 1B). Poststimulation
latencies to peak of ggapa, ({peak goass) Were about 2:5
times faster than latencies to IPSP peak in the same
recordings (Table 1B). Similar to inhibitory conductance
changes in motoneurons (Araki et al. 1960), peak values of
Jaaga, coincided with the rising phase of the monosynaptic
IPSP (Fig.3C). In addition, net expression of ggaps, Was
observed at f pgp ongery iN 7 Of 11 somatic and 12 of 14
dendritic recordings (Table 1B; Fig. 3B and ). At { 1psp onsetys
Jaama, Was expressed between 10—15% of maximal values.

measured

Figure 2. Comparison of time courses of stimulation-evoked monosynaptic EPSP/EPSCs and

IPSP/IPSCs

A, schematic depiction of the CA1 circuitry and experimental protocol. Stratum (Str.) radiatum stimulation
produced an initial monosynaptic EPSP/EPSC (B and () through excitatory afferents (Schaffer collaterals).
Block of synaptic excitation and GABAz-mediated inhibition revealed a monosynaptic GABA , receptor-
mediated IPSP/IPSC (Davies et al. 1990) (B and D) via direct stimulation of interneuron cell processes
(dashed line, I-cell axon; see Fig. 5). B, superimposed recordings of stimulation-evoked EPSP and
monosynaptic IPSP following application of CNQX (40 um), D-AP5 (50 um) and saclofen (100 um).
Recordings were obtained in the same CA1 pyramidal cell apical dendrite (150 gm from stratum
pyramidale) at different V,: EPSP at —79 mV, IPSP at —64 mV (i.e. V,). The distance between stratum
radiatum stimulation and dendritic recording site was about 0:5mm. Poststimulation latencies were
measured from the onset of the stimulation artifact. Values calculated for this recording were: EPSP peak
(lepsp pearyy @) 58 ms; EPSP onset (¢ zpsp onseny b), 23 ms; IPSP onset (7 1pgp onser)y ¢); 2°5 ms; IPSP peak
(tapsp peary @), 124 ms. EPSP slope (10-90%) was 583 mV ms™, IPSP slope during the same
poststimulation latencies was 1-22 mV ms™. ¢, superimposed EPSC and IPSC (in dSEVC, sampling rate:
4-8 kHz). EPSC was recorded under control conditions near the chloride reversal potential (=79 mV). The
TPSC was recorded after pharmacological isolation of GABA , response at V., —64 mV. The EPSC slope
(10-90%) was 47-34 pA ms™; IPSC slope in the same time range was 12:11 pA ms™. D, superimposed
recordings of stimulation-evoked IPSC and IPSP. Latency to IPSC peak was 9:8 ms. All recordings were
obtained in the same cell by the same stimulation protocol (120 A intensity, 80 us duration), which was
chosen during control to generate about 50 % of the subthreshold EPSP amplitude.
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Inhibitory conductances also exhibited faster kinetics than
IPSCs; experiments in which all parameters, EPSP/EPSC,
IPSP/IPSC and ggapa,, were measured in a given cell
(7 dendrites, 4 somata: e.g. cell shown in Figs 2—4) confirmed
a distinct order of ‘speed’ (Table 1D): ggapa, > IPSC>
IPSP. For example, in the seven dendritic recordings in
which all three inhibitory parameters (IPSP, IPSC, gqaga,)
were measured, average poststimulation latencies to peaks
were 6:5ms (ggapa,)s 123 ms (IPSC) and 184 ms (IPSP).
Similar differences were observed in somatic recordings

(Table 1D).

A
B 25
@ [feseagpel
= 20 N
"2 Jaipsppeay’ 1 e
< 15 : T
o : : .
i // e
© 10 / : ; -
2 ¢
g at IFfo onset)
& gl / ‘ ; .
0 2 4 6 8 10 12 14 16 18

Poststimulation latency (ms)
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Temporal comparison of EPSP/EPSCs and ggapa,-
Close temporal correlation was observed between the rising
phases of ggapa, and orthodromic excitation (Fig.4A4-C):
comparing EPSP and gg,p4,, both the rise times (10-90 %)
and latencies to peak were statistically not different in
dendritic and somatic recordings (Table 1B). At ¢ gpsp pear)s
gaana, Were >90% of their respective peak values in all
recordings. The best correlation (r=0-941) was observed
between ¢ mpsc peaky A0 Gpear canpa,) N dendritic recordings.

Onset of ggapa, preceded onset of EPSP in 13 of 14
dendritic and 8 of 11 somatic recordings. At EPSP onset,

[ “a. Qe O
10nsl_4my ! 1
Peak ganpa, Peak IPSP
L L L L L L L
0 2 4 6 8 10 12 14 16 18
Time {ms)

Peak Jaasa, peak IPSP
|

]
|
10nS 50 pA 6o m

o

n [—
0 2 4 6 8 10 12 14 16 18
Time (ms)

Figure 3. Membrane conductance increases during the monosynaptic inhibitory response

(Jeana A)

A, experimental protocol of measuring ggapa,. Recordings were carried out in the presence of CNQX
(40 pm), p-AP5 (50 um) and saclofen (100 gm) in CA1 pyramidal cell apical dendrite at V., (—64 mV).
Two hyperpolarizing current pulses (each 2 ms duration, —0:6 nA) were applied, one before electrical
stimulation, the second at various points of time following stimulation. Membrane voltage deflections in
response to current injection were isolated from the underlying IPSP by subtracting a second response in
which the IPSP was elicited without concomitant current pulses (Stelzer et al. 1994). The voltage deflection
in response to the pulse before electrical stimulation (‘AV (1)) was used for the assessment of leak
conductance, the voltage deflection caused by the second pulse for assessment of net conductance increase
during the inhibitory response. Depicted are two superimposed traces with poststimulation pulses applied
at t=3 and t=>5 ms, respectively. Values of gq,ga, (as shown in B) were calculated based on the voltage
deflections measured at the end of the 2 ms current pulse: the voltage deflection at {= 3 ms (AV(3)) was
used for calculation of ggapa, ab =3 ms; AV(5) was used for calculation of ggapa, ab {=5 ms. Reliable
measurements of AV (¢) by 2 ms pulses required careful bridge balancing and capacitance neutralization.
During the rising phase of ggapa, (= 2 to t= 6 ms), measurements and calculations were carried out at
1 ms intervals, whereas 2 ms intervals were applied from (=6 to (=20 ms. gg,pa, Was calculated by the
following formula: g, = (i(1 = exp(—/Tu))/A V) = Grens With g = i (1 = eXp(—p/Ty))/A Vi
Jreax 18 leak conductance; i is (hyperpolarizing) current injected during the 2 ms pulse (in the cell depicted,
—0-6nA); t, is duration of current pulse; and 7, is membrane time constant (here 20 ms; assessed by
300 ms hyperpolarizing current pulse, not shown). B, graph of ggapa, as a function of poststimulation
latency for the recording shown in Figs 2 and 34. The value of peak conductance (9(GAaBA , peak) Was defined
as maximal value of all measurements (in the recording depicted, 22:5 nS at { = 6 ms). GABA conductances
ab {rpsp onsety A {rpsp peak) Were determined by extrapolation from the curve of ggapa, at the respective
latencies ¢ psp onsery = 25 ms and ¢ 1pgp peary = 124 ms. In the depicted recording, g psp onsery Was 1'9 nS,
which was 84% of gapa, peary AN Jpsppeary Was 16:6 18, which was 74:1% of ggaga, peak)
C, superimposed traces of stimulation-evoked gqapa, (shown in Fig. 3 B) and monosynaptic IPSP (shown in
Fig. 2B). Both traces were normalized with respect to peak and polarity to enable temporal comparison.
D, superimposition of scaled g5, and IPSC (shown in Fig. 20).
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Jaana, values were on average 2:1 n8S (i.e. 13:8% of their
peak value) in dendrites and 1:3 nS (i.e. 107 % of peak) in
somata (Table 1B).

Temporal comparison of orthodromic AP and gg,pa,-
In 3 of 14 dendritic and 4 of 11 somatic recordings, afferent
stimulation elicited some suprathreshold responses at the
(Fig.4B). Temporal
comparison of latencies of APs and ggapa, in these cells
showed near maximal expression of gg,pa, at the time of
onset of the synaptic APs: the average delay between AP
onset and peak of ggapa, Was 04 + 0°2 ms (n =4 somatic
recordings). Values of £ p onsety AN pear gapa, correlated
with 7=0'82. At f,ponsetyp Joapa, Was on average
9324+ 9:4% of its peak (Table 1C). Similar values were
obtained from dendritic recordings (Table 1B and C; Fig. 4 B).

selected stimulation intensities

Components of monosynaptic inhibition

In a second approach, latency to onset of the evoked
monosynaptic IPSP was obtained through the evaluation of
its components: (a) antidromic AP in an interneuron (Fig. 5)
and (b) unitary IPSP (Fig. 6). The values of latency to onset
of the monosynaptic IPSP were similar in the two modes of
measurements, i.e. via summation of components (Figs 5
and 6) and directly during pharmacological isolation
(Figs 2—4, Table 1): the ranges of IPSP onsets were
1-3'9ms (summation of components) and 1:7—3'9 ms
(during isolation); the means were 2:6 ms (summation of
components) and 2+8 ms (during isolation).
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Antidromic action potentials in interneurons. In
recordings of stratum pyramidale interneurons (n="7) in
the presence of CNQX (20—40 um) and D-AP5 (50 um),
short-latency antidromic spikes could be elicited in two
cages (Fig.54—C). Evidence for directly (as opposed to
synaptically) evoked APs in these interneuron recordings is
3-fold. First, APs were elicited during blockade of
excitatory transmission. Second, APs rose from the baseline
in the absence of underlying EPSPs (Fig.54). Third, APs
were elicited with short latencies (Fig.54): 0:4—0-7 ms
(onsets) and 0:8—1:6 ms (peaks). In contrast, latencies to
onset of synaptically evoked APs were > 2-5ms in all
interneuron recordings (n = 28) (Figs 8, 9 and 11).

As shown in Fig. 50, the probability of eliciting antidromic
interneuron APs is a function of (a) distance between
stimulation and recording site, and (b) stimulation intensity.
Antidromic APs could be elicited at relatively low
stimulation intensities (50 #A in the cell shown in Fig. 5).
With regard to distance, the percentage of antidromic
spikes dropped to about 50 % when the stimulation electrode
was moved to a 1000 gm distance (compared with a 500 gm
distance between stimulation and recording site; Fig.5C).
Latencies to onset of antidromic APs in the recording
depicted in Fig. 5 increased from an average 0'42 ms (at
500 wm distance) to 0:78 ms (at 1000 gm). These values of
t (1 .anti-aP.onsery translate into velocities of AP propagation in
interneuron axons of 1:39 mm ms™.
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Figure 4. Temporal comparison of gg,5,, and orthodromic EPSP/EPSC

A-C, superimposed traces (shown up to poststimulation ¢= 18 ms) of ggaps, and EPSP (4), ggapa, and
suprathreshold EPSP (B), and ggaps, and EPSC (C). All traces were scaled to the same peak amplitude and
polarity. D, superimposition of ggapa, and the entire orthodromic response. Amplitude scalings in D were
arbitrarily chosen to allow clear separation of postsynaptic potential and g g4, All recordings and calculations
were obtained from the same CA1 apical dendrite shown in Fig. 2 (EPSP/EPSC) and Fig. 3 (ggapa,)-
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Figure 5. Antidromic APs and physiological properties in interneurons

A-C, intracellular recording of an interneuron (identified by physiological properties) in the presence of
CNQX (40 gm) and p-AP5 (50 um). A4, stimulation elicited short-latency AP (truncated; shown in full in
inset on enlarged time scale). B, superimposed recordings of antidromic AP and monosynaptic IPSP in the
absence of antidromic AP. Both recordings were obtained consecutively under the same conditions (at Ve
—65mV, 100 xA stimulation intensity). Latencies of the monosynaptic IPSP were: ¢ 1psp onsety 1°68 ms;
{1 1psp peay 11°96 ms. Superimposed recordings show that the hyperpolarization following the spike is
composed of two components, a fast AHP that peaked at 1:89 ms (also seen in response to current injection,
inset in B) followed by a larger, delayed monosynaptic IPSP. Inset: responses to current injection (300 ms,
+0:2nA at V. —65 mV). AP properties (averaged values): frequency of spike firing upon 0:2 nA current
injection at Vie, 224 Hz; 11 anei ap onsery 0°47 ms (measured from the first leg of the stimulation artifact);
{1 anti-AP peaky 0°925 ms; AP duration at half-width, 0:39 ms; at base, 1:04 ms; AHP, 98 mV (at Vi)
C, probability of (antidromic) spike elicitation as a function of stimulation intensity measured at two
distances between stimulation and recording electrodes: 0-5 and 1 mm after repositioning of stimulation
electrode. Averaged values are based on 15—23 recordings from the cell shown in 4 and B. Frequency of
stimulation was 0-025 Hz. D, antidromic and orthodromic APs in a different interneuron (bistratified cell).
Stimulation in stratum radiatum (distance to recording, 500 gm) produced two consecutive APs with
poststimulation latencies to onsets of 0-4 and 5:3 ms, respectively. Duration at half-amplitude was 0:7 ms
in antidromic and synaptic AP; AP height, 77 mV; AHP (of antidromic spike), —13:5 mV; recordings at
Viess =61 mV; R, , 67 MQ. E, camera lucida reconstruction of a bistratified cell recorded with a biocytin-
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Table 2. Properties of dendritic unitary IPSPs

Latency Rise time Duration at
Amplitude to onset (10-90%)  half-amplitude
(mV) (ms) (ms) (ms)
Pair 1 (n="72) 14403 09401 2:84+0-3 246+ 16
Pair 2 (n=11) 09403 17406 80411 47-8+ 81
Pair 3 (average 0-4 2:3 12:7 555

of 22 traces)

IPSPs were recorded in CA1 pyramidal cell apical dendrites that were synaptically coupled to histologically
identified bistratified cells. Data from 3 different pairs are listed separately (pairs 1—-3). Analysis of pairs 1
and 2 is based on individual IPSPs (see Fig. 7); analysis of pair 3 is based on averaged traces (see Fig. 114).
Strong coupling was observed in pair 1 (no failure in response to single interneuron AP), and weak coupling
in pair 3 (only averaged traces revealed IPSPs in response to a single interneuron AP). Synaptic coupling of
pair 2 was of intermediate strength (single IPSPs in response to a single interneuron AP were detectable in
61 %). Criteria for coupling strength were IPSP amplitude and probability of elicitation in response to a
single interneuron AP (or failure). The detection criterion for IPSPs was > 02 mV hyperpolarization within
4 ms following the AP peak in the presynaptic interneuron. The 0:2 mV limit was based on the size of
random membrane fluctations (noise), and the 4 ms latency limit was based on the maximal latency to onset

of a clearly distinguishable IPSP.

In two bistratified cell recordings obtained under control
conditions (i.e. in the presence of excitation), both antidromic
and synaptic APs were clearly distinguishable (Fig. 5D). The
delay between peaks (Af ; anti-ap peak) Lortho-aP,peak) Tanged
from 2:3 to 10-4 ms (mean + s.EM., 47 £+ 1:6 ms).

Unitary IPSPs in pyramidal cell dendrites. Out of 194
dual recordings of CA1 pyramidal cell apical dendrites and
stratum pyramidale interneurons, unitary IPSPs were

generated in three cases, all involving a bistratified cell
(Figs 6, 11 Ac and 13; Table 2).

The three pairs exhibited widely different strengths of
coupling (Table 2). In one strongly connected pair of cells
(shown in Fig.6), prominent dendritic IPSPs (mean,
1'4+0:3mV, n="72) were elicited without failure in
response to single spikes in the presynaptic interneuron
(Fig.64 and B). In the weakly coupled pair (pair 3 in
Table 2), IPSPs were only detectable upon averaging of
several sweeps (Fig.114¢) or in response to firing of
interneuron AP doublets or triplets (see Fig. 138 and C). In
pair 2, coupling strength was somewhere in between strong
and weak: detectable (> 0-2 mV) IPSPs (mean amplitude,
09 + 0:3mV) in response to single APs were revealed in
61 % of recordings (41/67).

As shown in Fig. 6 and Table 2, kinetics of dendritic unitary
IPSPs recorded in the strongly coupled pair were as fast as
perisomatic unitary IPSPs. Similar to unitary somatic
IPSPs in strongly coupled cells, large variations in
amplitude (Fig. 6C) and onset (Fig. 6.D) and poor correlation
between these two parameters were observed (Fig. 6 E; see
(Miles, 1990b). Unitary IPSP kinetics in weakly coupled
dendritic recordings were considerably slower (Table 2):
latencies to IPSP onset (Af(; xp peax P 1psp onser) 1N the weakly
coupled cell were more than twice as long (> 2 ms) as those
measured in the strongly coupled cell (Table 2). IPSP
kinetics in pair 2 were in between those of strongly (pair 1)
and weakly (pair 3) coupled cells. These data indicate a
(negative) correlation between the strength of synaptic
coupling and speed of IPSP kinetics.

Feedforward inhibition

Dual recordings of pyramidal cells and stratum pyramidale
interneurons (n=17) were carried out to determine the
latencies to onset of feedforward IPSPs (Fig. 7). As shown in
Fig.7A, the onset of the feedforward IPSP was determined
by the sum of components: (i) latency to peak of orthodromic
APs in interneurons (g oreno ap peax) (Fig.74a), and
(ii) latency to onset of the unitary IPSP in the pyramidal

filled electrode in stratum pyramidale of the CA1 hippocampal subfield. The reconstruction is based on
6 successive 60 gm sections of the hippocampal slice. The inset shows the abbreviated dendritic arbor and
the location of the cell within CA1. The shaded area in the inset represents the segment shown in full. The
arrow depicts the initial axonal segment arising from the soma—apical dendrite junction. Dendritic
arborization is depicted by the thick lines, and axonal arborization by the thin lines. Axonal arbor in strata
radiatum and oriens extended about 1200 gm in either transversal direction of the slice. Some details
(e.g.dendritic beading and axonal synaptic boutons) were omitted in the reconstruction. L—M,
lacunosum—moleculare.
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Table 3. Properties of CA1 neurons

A. Pyramidal cells Interneurons Statistics

Viesy (mV) —645+ 13 (n=17) —662+ 22 (n=17)

AP threshold (mV) =532+ 21 (n=17) =554+ 19 (n=17)

! (PSP onset) 29+ 03 (n=17) 274+ 05 (n=17)

EPSP slope (mV ms™) 16+ 04 n=17) 40407 n=17) *

T (M8) 2111+ 12 (n=17) 16:2+1:5 (n=17)

R, 533+ 77 (n=17) 96:9 +10:7(n=17)

B. I cells Basket cells Axo-axonic cells  Bistratified cells
(n=28) (n=15) (n=6) n="17)

t (mPSP onset) 27403 2:8+05 24406 27+ 04

t (mPSP peak) 56+ 05 58+ 07 50+ 11 59+ 06

L (AP onset) 53403 57409 48+ 1-2 52405

t(aP peak) 58403 61407 52410 58407

A, properties of pyramidal cells and stratum pyramidale interneurons recorded simultaneously.
B, activation kinetics in CA1 stratum pyramidale interneurons (total, n= 28; and various subtypes).
* indicates significant difference between pyramidal cell and interneuron values (P < 0-05, Student’s ¢ test).

cell (At ap peak p1psP onse) (Fig. 7Ab). A 1 ms constant was
generally substituted for Af; sp peak p1psponsery N NON-
coupled pairs (see Fig. 7 A).

The temporal overlap between feedforward inhibition and
orthodromic EPSP in pyramidal cells was measured by
projecting the latency of the feedforward IPSP onto the
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orthodromic EPSP elicited in the simultaneously recorded
pyramidal cell (Fig.7B). Onsets of the feedforward IPSP
occurred in 13 of 17 dual recordings during the EPSP rising
phase. Temporal overlap was quantified by a scale defined
by onset (assigned value ‘1’) and peak of the pyramidal cell
EPSP (assigned value ‘0°) (see legend to Fig.7). By this

Figure 6. Characteristics of unitary IPSPs
recorded in a CA1 pyramidal cell dendrite

Paired recording of a bistratified cell (recorded in
stratum pyramidale) and pyramidal cell apical dendrite
(recorded in stratum radiatum, 250 gm from stratum
pyramidale). 4, single spontaneous spikes in the
interneuron (lower trace) elicited corresponding IPSPs
in the simultaneously recorded pyramidal cell (upper
trace; filtered at 0-3 kHz) without failure. All
recordings were carried out at respective V. (—65 mV
in pyramidal cell dendrite, —58 mV in interneuron).

B, single interneuron AP and corresponding IPSP on
an extended time scale. Peak amplitude of the IPSP in
the depicted recording was 1:48 mV, latency to onset
(from AP peak of interneuron) was 0:97 ms, rise time
(10—90 %) was 36 ms, and duration at half-amplitude
was 21 ms. C, distribution of IPSP amplitudes ranging
from 0-4 to 2:2 mV (bin width, 0:2 mV). D, distribution
of latency to onset (measured from peak of AP in
presynaptic interneuron) ranging from 0-2 to 16 ms
(bin width, 0:2 ms; n = 72). K, linear regression
analysis of [PSP amplitude and latency (same values as
shown in C and D) shows poor correlation between the
two parameters (r = —0:39; n =72, P> 0:066). Cell
characteristics (means): interneuron: spike width at
half-amplitude, 0-55 ms; AHP (peak), =18 mV; R, ,
83 MQ; dendrite: spike width at half-amplitude,

1:25 ms; R, 39 MCQ.

in»
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measure, temporal overlap ranged from 0:75 (i.e.feed-
forward inhibition was present during 75% of the EPSP
rising phase) to —0-21 (i.e. feedforward inhibition started
during the early decay phase of the EPSP). On average (all
interneurons taken together, n=17), the onset of the
feedforward inhibitory response coincided with the last
quarter of the EPSP rising phase (factor 0-255). Slightly
faster onsets of feedforward inhibition were mediated by
axo-axonic cells (mean overlap, 043 + 0-22) compared with
those of bistratified cells (mean overlap, 0:20 + 0-1) and
basket cells (mean overlap, 0-23 4+ 0-1).

In Fig. 70, the values of feedfoward IPSP onset (measured
in the interneurons of the 17 pairs shown in Fig. 7B), were
projected onto a standard EPSP (2:8 ms latency to onset
and 7-8 ms latency to peak: these values were the average
from 39 dendritic and 24 somatic pyramidal cell recordings).
Comparing Fig. 7B and C shows that the distribution of
feedforward IPSP onsets was similar. Using the standard
EPSP (as in Fig.7(), a measure of feedforward inhibition

Str. pyramidale N
Str. radiatum b
Schaffer collaterals — Excit.

1
al ~nnibit.

A

a

Stim. CA1

a b

1mv

p |1 mv

1 10 mV [10 ms

P ——
ﬂLI/C\
Cc
Averaged EPSP
f (con)
I

|

Basket

Axo-axonic

Bistratified

1-0 0-5 0 -05

Temporal overlap factor

-1-0

Temporal overlap of excitation and inhibition

495

can be obtained from single interneuron recordings
(e.g.from the basket cell shown in Fig. 9 and recordings of
Lucifer Yellow-stained interneurons from a previous study
(Stelzer et al. 1994). The calculated values of temporal
overlap feedforward IPSP—orthodromic EPSP based on all
interneuron recordings (n= 37; shown in Fig.7D) confirm
the results of the smaller stratum pyramidale interneuron
population (n=17; shown in Fig.7C): in 31 of 37
comparisons of stratum pyramidale interneuron-mediated
IPSPs, feedforward inhibition occurred during the rising
phase of the average pyramidal cell EPSP.

A very similar distribution was seen for IPSPs mediated by
stratum lacunosum—moleculare (L—M) interneurons: in 10
of 14 recordings, L—M-mediated IPSPs coincided with the
EPSP rising phase, and 4 of 14 with the early decay phase
of the averaged EPSP.

TPSP onsets obtained from alveus—oriens (A—Q) interneuron
recordings were significantly slower (Fig. 7.D). In 6 of 7 A-O

B
i }—/\
|
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|
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10 05 0 -05 -10
Temporal overlap factor
D
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(con)
}
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o |
}
A/O
1-0 0-5 0 -05 -1-0

Temporal cverlap factor

Figure 7. Onsets of feedforward IPSP in CA1 pyramidal cell dendrites

A, experimental protocol of assessing onset of feedforward IPSPs in pyramidal cells. Onset of feedforward
inhibition was determined by summation of its underlying components: in concomitant recordings of
pyramidal cell dendrite and stratum pyramidale interneuron, latency to peak of synaptic interneuron AP
(D) (1 ortho-ap pear)) (@) and onset of unitary IPSP (At xp pear—p 1psp onser) (0) Were measured. The sum of
the latency of both components was projected onto the EPSP of the concomitantly recorded pyramidal cell
(oblique arrow in a). In non-coupled pairs, a 1 ms value was used for Al sp pear—p 1psp onser) B> dots denote
the calculated values of feedforward IPSP in temporal relation to the EPSP of the concomitantly recorded
pyramidal cell (n=17 pairs). In C, the same values of latencies to onset of the feedforward IPSP
(measured in the interneurons of the 17 pairs shown in B), were projected onto an EPSP whose latencies to
onset and peak represent the mean values of several pyramidal cell recordings. D, calculated onsets of
feedforward inhibition from all interneuron recordings are shown in temporal comparison with the
averaged EPSP. In B and C, a small arrow denotes the mean value in each group, the larger arrow (pointing
towards the EPSP) represents the mean value of all 17 recordings. The number scale (at the bottom of B—D)
was defined by the pyramidal cell EPSP onset and peak: the value ‘1:0’ was assigned to onset, the value ‘0’
to peak, and negative values accordingly to EPSP decay.
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interneurons, IPSP onsets coincided with the decay phase of
the EPSP, and in only 1 of 7 with the EPSP rising phase.
Furthermore, the mean of temporal overlap between A—O
cell-mediated ITPSPs and the EPSP (—0-24 + 0:16) was
significantly different from that of pyramidale interneurons
(0:30 + 0-05; P <0002, ANOVA) and L.—M interneurons
(0-24 £+ 0-09; P < 0-01). The late onset of A—O cell-mediated
IPSPs is probably due to the fact that A—O interneuron
activation was implemented via recurrent excitation through
CA1 pyramidal cell APs (Blasco-Ibanez & Freund, 1995;
Maccaferri & McBain, 1995). This notion is supported by the
delayed onset of the stimulation-evoked EPSP in A—O inter-

S. Karnup and A. Stelzer

J. Physiol. 516.2

neurons (6:4 £+ 13 ms, mean + s.E.M.,, n="T). In comparison,
mean onset of orthodromic EPSPs in stratum pyramidale
interneurons was 27 + 0-3 ms (n = 28; Table 3B).

Differential excitability of interneurons and
pyramidal cells

The protocol of comparing time courses of feedforward
inhibition and EPSP required the concomitant elicitation of
synaptic APs in the interneuron, but subthreshold EPSPs in
the pyramidal cell (Fig.7A4). This condition was met in a
large range of stimulation intensities due to differential
excitability of interneurons and pyramidal cells (Scharfman,
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Figure 8. Elicitation of synaptic APs in interneurons and pyramidal cells

Aa, concomitant recordings at four representative stimulation intensities (20, 300, 500 and 700 #A) in an
axo-axonic cell and pyramidal cell apical dendrite. 4b, plot of spike elicitation probability versus stimulation
intensity. Ae, plot of probability of double spike elicitation in interneurons as a function of stimulation
intensity. Analysis is based on 6—12 recordings at each stimulation intensity. Arrows at 300 and 500 A (in

a) depict the sum of latencies of interneuron spike plus 0:2 ms. Cellular properties:
bistratified cell,

38 MQ; pyramidal cell, 21 MQ; V,

rest?

R, bistratified cell

in» )

—63 mV; pyramidal cell, =65 mV; spike width at

half-amplitude in bistratified cell, 0-45 ms; AHP, —16 mV. B, comparison of spike elicitation probability in
basket cell and four pyramidal cells (three apical dendrites, one soma) that were consecutively recorded in
combination with the basket cell. Orthodromic responses were elicited at various stimulation intensities
(from 150 to 700 pA) for each of the four basket cell-pyramidal cell pairs. Ba, schematic depiction of
interneuron and pyramidal cell recording sites. Bb, probabilities of spike elicitation in basket cell (@), soma
(O) and dendrites (x). Arrows mark the stimulation intensity at which pyramidal cells exhibited half-

maximal EPSP peak amplitudes. Cellular properties: R,

m>»

basket cell, =72 mV; pyramidal cells, —64 + 3 mV; spike width at half-

(mean + 8. EM., n=23); Vi,
amplitude in interneuron, 0-5 ms; AHP, —14 mV.

basket cell, 96 M€; pyramidal cells, 41 + 9 MQ
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1991). For example, in the paired recording shown in Fig. 84,
synaptic spikes in the axo-axonic cell were elicited at 20 A,
whereas > 500 4 A was required for synaptic spikes in the
concomitantly recorded pyramidal cell dendrite. In addition,
double spike responses in the interneuron were accompanied
by subthreshold EPSP responses in the pyramidal cell over a
large range of stimulation intensities (Fig. 84c). In Fig. 8B,
probabilities of synaptic spikes were compared in a basket
cell and four pyramidal cells (3 dendrites and 1 soma) that
were recorded consecutively during the same interneuron
recording. The basket cell responded with synaptic APs at
any intensity (with 100% probability at intensities
> 300 xA). In contrast, none of the three concomitantly
recorded pyramidal cell dendrites exhibited spike responses
at any of the selected stimulation intensities. In the
pyramidal cell soma, 10-20% of synaptic APs were
observed at intensities of 500 and 700 g A, respectively.

It seems that in CA1 pyramidal cells — similar to neocortical
pyramidal cells (Ling & Benardo, 1998) — the magnitude of
inhibitory responses reaches an upper limit at stimulation
intensities at which excitation is far below its maximum. In
the dual recordings shown in Fig.84 and B, interneurons
responded in all recordings with synaptic spikes at the
stimulation intensities that elicited half-maximal EPSPs in
the pyramidal cells (at 300 #A in Fig.84; marked by
arrows in Fig. 8 Bb). With stimulation intensities adjusted to
generate about half-maximal EPSPs in the pyramidal cells
(e.g. in the experiments shown in Fig.7), synaptic inter-
neuron APs were elicited in 57 of 62 pairs (in 39 of 57 cases
with a 100% probability, in 18 cases with probabilities
between 34 and 90 %). Taken together, these data show that

Figure 9. Kinetics of interneuron excitation change with

increasing stimulation intensity

Temporal overlap of excitation and inhibition
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maximal efficacy of feedforward inhibition is reached by
stimulation intensities that generate only about 50% of
maximal EPSPs in pyramidal cells.

Temporal overlap of feedforward inhibition and
EPSP: role of stimulation intensity

As shown in Fig.84 (at 20 wA), synaptic interneuron APs
could be elicited at stimulation intensities that were below the
threshold for eliciting pyramidal cell EPSPs. This was
observed in 16 of 24 combinations of interneuron—pyramidal
cell recordings at which such low intensities were applied.
These data demonstrate that the weakest excitatory input
into CA1l is accompanied by large activation of the feed-
forward inhibitory pathway. What is the temporal overlap
between feedforward inhibition and evoked excitation for
such weak excitatory input?

Activation kinetics changed with increasing stimulation
intensity in both interneurons (Lacaille, 1991) (Fig. 9 F) and
pyramidal cells (Fig. 10E). As illustrated in Fig. 9 in a
single interneuron recording, the decrease in fy zp pear)
(Fig. 9D) was accompanied by a parallel increase in the
slope of the orthodromic EPSP (Fig.9C and F). However,
the changes of interneuron kinetics do not generally result
in a change of temporal overlap between feedforward
inhibition and evoked excitation in the pyramidal cell. This
is illustrated in Fig.10. There was a close correlation
between latencies to peaks of interneuron APs ({; xp pear);
Fig.10B) and latencies to EPSP peak in pyramidal cells
(Fig. 104). As a result, the difference of tp ppsp pear) and
t1.ap peay (Fig.10C) and temporal overlap of feedforward
inhibition and orthodromic excitation (Fig.10F) were

Orthodromically evoked excitatory responses in single CA1 basket
cell recordings at V., (—66 mV). Distance between stimulation and
perpendicular line through stratum pyramidale recording site was
~700 pm, spike threshold was —56 mV. 4, representative
recordings of orthodromic responses in basket cell at 30 xA (a) and
70 uA (b)stimulation intensities. EPSP slope: 5:3 mV ms™ at 30 yA
(@),10-6 mV ms™" at 70 uA (b); tr,ap peary 7' Ms (a) and 54 ms
(0); lepsp onsety 4°4 ms (a), 41 ms (b). B, probability of orthodromic
spike elicitation as a function of stimulation intensity. C, EPSP slope
as function of stimulation intensity. D, plot of ; yp pear) as function
of stimulation intensity. K, #; zpsp onset) @ function of stimulation
intensity. I, linear regression of EPSP slope and ¢; yp peqr) Mean
values of {; xp pear) and PSP slope were different (Student’s ¢ test,
comparison of means measured at 20 and 70 g A, respectively);
EPSP onset was not. Analysisin B, C'and £ is based on 20
recordings at each stimulation intensity; analysis in D and F'is
based on the suprathreshold recordings in the same basket cell.
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similar in the entire range of stimulation. Latencies to onset
were not generally affected by stimulation intensity
(Figs 9F and 10E). These data show that the high degree of
temporal overlap between feedforward inhibition and
excitation — measured at half-maximal EPSPs (Fig. 7) — is
also seen at lower stimulation intensities and smaller EPSPs.

Recurrent inhibition

The time course of the recurrent inhibitory response was
evaluated via measurements of its underlying components
(Fig.11): (1) latency to peak of synaptic pyramidal cell AP
(t@.ap.peary Fig. 114a,P); (2) latency between pyramidal
cell AP peak and unitary AP peak in a coupled
interneuron (Alp Ap peak 1unitaryap peaxy Figs 1146 and
124 and B); (3) latency between interneuron AP peak and
onset  of IPSP in the pyramidal cell

(At(I,AP,peak—P,mono—IPSP,onseD); Fig. 114c).

unitary

The results of this approach can be summarized as follows
(see below for details). First, the earliest onsets of the
recurrent IPSP occur several milliseconds (> 3 ms) after the
peak of the orthodromic EPSP in pyramidal cells. Thus
recurrent inhibition is not a factor in the control of the
EPSP rising phase. Second, recurrent inhibitory responses
are prominently expressed at the time of the peak of the
orthodromic population IPSP: in the recordings of
Figs 1113, earliest onsets of recurrent inhibition occurred
at poststimulation latency ¢t=11 ms (see Fig.11B); the
peak of the population IPSP was measured at ¢ = 26 ms.
Third, a widespread range of recurrent IPSP onsets (in the
pyramidal cell shown in Figs 11-13 from 11 to 99:8 ms; see
Fig. 11 B) were observed.
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Measurements of all three components could be obtained
from a mutually coupled bistratified cell and pyramidal cell
apical dendrite (Figs 11—-13). In this pair, strong coupling
was observed between the pyramidal cell and the
interneuron: pyramidal cell APs elicited large unitary
EPSP without failure (in many cases suprathreshold) in the
interneuron (Fig. 12). In reverse, the interneuron was (albeit
weakly) coupled to the recorded dendrite (Fig. 13). The onsets
of mono- and feedforward IPSPs in relation to the pyramidal
cell EPSP in this pair (Fig. 11 B) were in the general range of
respective onsets seen in other cells (see Figs 2 and 7).

Latencies to peak of pyramidal cell AP

In pyramidal cells, the latencies to peaks of synaptic APs
(component a, Fig. 114) coincided roughly with the
latencies to their EPSP peaks (e.g. Fig.45; Table 1B for
single recordings; Figs 84 and 114 for dual recordings). In
the pyramidal cell of the dual recording shown in
Figs 11-13, mean latency to synaptic AP peak was
98+ 0:3ms (n=27; range 8:6—114 ms; Figs 114a and
12D); mean latency to EPSP peak was 944 1:1 ms
(n=12, range 5:6—12:0 ms). Since the onset of recurrent
inhibition starts several milliseconds after the EPSP peak
(i.e. the delay is the sum of components b and ¢, see below),
it is clear that recurrent inhibitory influences are not
present during the slope or peak of the orthodromic EPSP.

Latencies of recurrent disynaptic IPSPs

Component b. Strong coupling between the pyramidal cell
and the interneuron (Figs 11 and 12) allowed measurements
of (a) latencies to onset of unitary EPSPs that ranged from
04 to 1-5ms (mean, 1:04+ 0:07ms, n=268); and

Figure 10. Degree of temporal overlap between
feedforward inhibition and pyramidal cell EPSP as a
function of stimulation intensity

A, kinetic parameters that determine temporal overlap
between feedforward inhibition and pyramidal cell EPSP.

! p EpsP peat) (4) aNd 1 2p pear) (B) exhibited similar
decreases in the selected stimulation range. Correlation
coeflicient between ¢ p ppsp peak) 20 {1 AP pear) (C) Was
r=207. D, the difference between pyramidal cell EPSP
peak and AP peak in interneuron remained unchanged by
increased stimulation. , ¢p psp onsery Was variable, but not
changed. F, temporal overlap between onset of feedforward
inhibition and EPSP was statistically the same in the
depicted stimulation range. Data were calculated from the
dual recording of pyramidal cell dendrite and axo-axonic
cell shown in Fig. 84.
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(b) latencies to unitary AP peaks in the interneuron
(At (p AP peak_T.unitary AP peak))- LNis parameter exhibited large
variability, ranging from 26 to 864 ms (shown in
histogram of Fig. 12C). Two types of unitary interneuron
APs were observed (Fig. 12Band C): (a) early APs that rose
during the EPSP rising phase (Fig. 12Ba); and (b) late APs
that originated during the plateau phase of unitary EPSPs
(Fig.12Bb). Early APs ranged from 26 to 8:8ms
(mean + 8. E.M., 6:0 £+ 0:2 ms, n=61); latencies to late APs
ranged from 6 to 86 ms (mean + s.Em., 30'8 £ 14 ms;
n=174).

Temporal overlap of excitation and inhibition 499

Component ¢. Weak inhibitory coupling with the pyramidal
cell was observed in the same pair of cells (Figs 114¢ and
13). A monosynaptic IPSP was revealed by averaging
several traces (e.g. Fig. 114c) or in response to double and
triple spikes in the presynaptic interneuron (Fig.13).
Latencies to onsets of IPSPs (apparently triggered by the
second of multiple spikes, see Fig.13) were on average
2:4 + 04 ms (n=22; range between 15 and 31 ms). In
comparison, latency between interneuron AP peak and
onset of the averaged (n=22) monosynaptic IPSP in

response to a single interneuron spike was 2:3 ms

A
CA1 & 6-3
VSVtr. pyramidaie 7
Str. radiatum ;
Schaffer collaterals - Bxcit.
B

Figure 11. Onsets of recurrent IPSPs in a CA1 pyramidal cell dendrite

A, experimental protocol of measuring latencies to onset of recurrent IPSPs in a CAl pyramidal cell.
A schematic depiction of the feedback inhibitory pathway and recording arrangements in the CAl
hippocampal subfield is shown top left. The onset of the feedback inhibitory response was evaluated by
separately measuring the three underlying components (a—c) in a mutually coupled pair of pyramidal cell
(dendritic recording, 100 gm from stratum pyramidale) and interneuron (bistratified cell, recorded in
stratum pyramidale). a, poststimulation latencies to peaks of synaptic APs in pyramidal cell (9:6 ms) and
interneuron (7-4 ms in the recording depicted). b, measurements of latency between the pyramidal cell AP
(spontaneously generated) and the interneuron AP on top of a unitary EPSP in the synaptically coupled
interneuron (63 ms in the recording depicted, see Fig. 12). ¢, latency between interneuron AP peak and
onset of the averaged (n = 22) monosynaptic IPSP in the coupled pyramidal cell was 2:3 ms. All recordings
were obtained at respective V. (between —55 and —58 mV in pyramidal cell, —65 mV in interneuron).
Duration of interneuron AP at half-width was 0:7 ms, AHP was 9 mV. The distance between the two cells
in the transverse direction was 50 ym. Distances between stimulation and recording electrodes were about
1 mm. B, latencies to onset of the recurrent IPSP were calculated by summation of components a—c. The
onset of the recurrent IPSP based on the summation of the three components was on average 29-4 + 1+3 ms
(n=235; early and late APs taken together, see Fig. 13). Based on early APs alone, latencies to onset of
feedback IPSPs were on average 160 4+ 0-2 ms (r = 61); based on late APs alone, 38:9 + 1-4 ms (n=174).
FF, range of onsets of feedforward IPSPs; M, onsets of monosynaptic IPSPs in the same pyramidal cell.
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(Fig.11A4c). The shortest latency of recurrent disynaptic
IPSPs (sum of minima of components b and ¢) was 44 ms;
the mean value was 8:3 ms (based on the short-latency
unitary APs, Fig. 12Ba and C).

Summation of all three components of recurrent
inhibition

The shortest latency to onset of the recurrent (trisynaptic)
IPSP (sum of respective minima of components a—c) was
11:0 ms. The longest latency to onset (sum of respective
maxima of components a—c) was 99:8 ms (Fig. 11 B).

Mm
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8

Number of spikes
Number of spikes
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DISCUSSION

The main conclusions of this study are as follows.

(1) GABA ,-mediated inhibitory influences were present
during the entire duration of the orthodromic EPSP/EPSC
in CA1 pyramidal cells. Results show that the slope of the
orthodromic EPSP is not a pure measure of excitation
(cf. Wigstrom & Gustafsson, 1983), but controlled by fast
synaptic inhibition (Figs 4, 7 and 8A4). During the EPSP
rising phase, the inhibitory influences came from the
antidromic monosynaptic (Fig. 4) and feedforward (Figs 7

50
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Figure 12. Properties of recurrent interneuron excitation

Properties of unitary EPSPs elicited in a bistratified cell (see Fig. 11). 4, distinct EPSPs in the interneuron
(I) were elicited by spontaneous APs in the concomitantly recorded pyramidal cell (P). The baseline
membrane potential of the interneuron was tonically depolarized (from a Vg value of —65mV to
—61 mV). Interneuron AHPs prevented some EPSPs to become suprathreshold, effectively filtering the
roughly 15 Hz AP frequency in the pyramical cell to a 7:5 Hz rhythm of synaptic APs in the interneuron.
Distinct superimposed EPSPs were observed in the interneuron (marked by arrows). B, typical examples of
early (a,open bars in C) and late APs (b, filled bars in C) on top of unitary EPSPs. Numbers denote
latencies between peaks of pyramidal cell AP and unitary EPSP-triggered APs in the coupled interneuron
(Al AP, peak—1,aP peak)s 47 ms (a) and 52:6 ms (b). Latency to onset of unitary EPSP (inset on right) was
11 ms. G, distribution of Atp xp pear—1,aP peary (@ = 235 measurements). The open bars depict latencies to
early APs, filled bars latencies to delayed APs. D, orthodromic responses in the same pair of pyramidal cell
and interneuron shown in A-C. Orthodromic responses in interneuron (top) and pyramidal cell (bottom)
were obtained at 100 g A (a) and 200 gA (b). In a, the delayed pyramidal cell AP triggered a unitary EPSP
with the typical delay (1-1 ms). In b, orthodromic stimulation elicited a double spike response in the
interneuron. The peak of pyramidal cell AP preceded peak of the second interneuron spike by 2:5 ms.
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and 8A4) component. In contrast, onset of recurrent
inhibition started several milliseconds after the EPSP peak
(Fig. 11).

(2) Kinetics of GABA ,-mediated conductance changes were
considerably faster than those of the IPSP or IPSC of the
same evoked event (Table 1, Fig. 4). These data underline
the pivotal role of the actions of inhibitory shunting in the
control of excitatory input in CA1.

(3) Synaptic interneuron spikes could be elicited by
stimulation intensities that were below the threshold of
EPSP elicitation in the pyramidal cell (Fig. 84). In addition,
firing of a single pyramidal cell induced unitary
interneuron APs (Fig. 12). These data indicate that weakest
excitatory input into CAl, e.g. unitary pyramidal cell
EPSPs (Turner, 1988; Sayer et al. 1989), activates CAl
interneurons in a feedforward manner. Feedforward
inhibition exerted a high degree of temporal overlap with
evoked excitation at any strength of excitatory input
(Figs 7, 8 and 10). Taken together, these results suggest that
in situ, any excitatory input in CA1 is controlled by fast
synaptic inhibition.

Monosynaptic inhibition

Since the monosynaptic inhibitory response is elicited by
direct electrical stimulation of interneuron processes (Fig. 5)
and is therefore not observed in situ, the question arises as
to why such detailed examination of the kinetics was carried
out (Figs 2—5; Table 1). First, the orthodromic response of
CA1 pyramidal cells is a frequently used experimental
measure of excitability. The presented data (Figs 2—4;
Table 1) show that — with monosynaptic inhibition being an
integral component — GABA ,-mediated
present before the onset of the orthodromic EPSP in

influences are
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dendrites. Second, the monosynaptic inhibitory response
could be isolated pharmacologically (Davies et al. 1990). It is
inferred that the main finding regarding the kinetics of
monosynaptic inhibition (ggapa, faster than IPSCs and
IPSPs) applies also to feedforward and feedback inhibitory
responses. Third, the similarity of latencies to IPSPs
measured directly (Figs 2—4; Table 1) and indirectly via
summation of components (Figs 5 and 6) demonstrated the
feasibility of the indirect approach via summation of
components. The latter was the sole approach in the
evaluation of feedforward (Fig. 7) and feedback inhibition
(Fig. 11).

Feedforward inhibition

The kinetics of interneuron activation reported here are in
agreement with those reported previously: overall latency
to disynaptic IPSPs (Miles, 19906), poststimulation intervals
to interneuron AP peaks (Lacaille, 1991; Scharfman, 1991),
and differences in latency between interneuron and
pyramidal cell firing (Ashwood et al. 1984). Kinetics of
dendritic unitary IPSPs, however, were found to be faster in
cases of strongly coupled cells (see Table 2) than reported
previously (Miles, 1990b; Buhl et al. 1994« .

Data in Fig. 7 B—D show that fastest feedforward inhibitory
responses cover 75% of the EPSP rising phase. There is
convincing evidence that onsets of feedforward inhibitory
responses are even faster than illustrated in Fig. 7. First, as
inferred from the analysis of monosynaptic inhibition (see
Fig. 3B, Table 1B), onsets of g g4, could be detected before
the corresponding IPSPs. Second, the interneurons used in
the dual recordings shown in Fig. 7 represent a selection of
non-spontaneously firing cells (with a higher V. and thus
somewhat longer latencies to synaptic spikes). Third, onsets
of feedforward IPSPs (Fig. 7) were calculated by substituting

Figure 13. Properties of monosynaptic IPSPs in a weakly coupled pyramidal cell

IPSPs in the pyramidal cell shown in Figs 11 and 12 (also pair 3 in Table 2) were prominent in response to
interneuron double (B) or triple spikes (C), but not in response to single spikes (4) (see inset). IPSPs in
response to single spikes were revealed upon averaging of several traces (see Fig.11A4c). Onsets of
monosynaptic IPSPs in response to multiple presynaptic interneuron spikes were apparently triggered by
the second spike as indicated in C'and D (average latency was 2:4 4+ 0-4 ms, n= 22; in comparison, latency
to onset of the averaged IPSP in response to single interneuron APs was 2:3 ms, see Fig. 114c¢). IPSP
amplitudes were on average 19 + 0-5 mV (following double spikes in B) and 5:2 4 0-9 mV (following triple

spikes in O).
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a 1 ms latency for the onset of the unitary dendritic IPSP.
However, latencies to onsets of unitary IPSP could be as
short as 0-2 ms (Fig. 6 D). Therefore — by taking variability
of onsets into account — fast onsets of feedforward IPSPs
could precede those shown in Fig. 7 by 0:8 ms. Using 0:2 ms
instead of 1 ms as latency to unitary IPSP (shown in
Fig. 84, see arrows at 300 and 500 yA), complete temporal
overlap with the orthodromic pyramidal cell EPSP was
observed.

The high degree of temporal overlap between feedforward
inhibition and orthodromic excitation (Figs 7 and 84) is a
consequence of considerably shorter latencies of interneuron
APs (Fig. 12D) (Ashwood et al. 1984). Steeper EPSP slopes
of the interneuron at a given intensity (Table 3A) indicate
that the differences in activation kinetics and excitability in
the two cell types were linked. Cellular properties of inter-
neurons such as higher input resistance (Table 3A) or different
AMPA receptor subunit expression (McBain & Dingledine,
1993; Jonas et al. 1994) could be responsible.

Recurrent inhibition

Results show that recurrent inhibitory responses have no
impact on the rising phase and peak of the orthodromic
EPSP in CA1 pyramidal cells: earliest onsets of recurrent
IPSPs occur several milliseconds after the EPSP peak
(Table 1B; Fig. 11B). Moreover, orthodromic activation of
the recurrent inhibitory pathway is the exception. First,
elicitation of orthodromic APs in pyramidal cells occurs in
general only at very high stimulation intensities (Fig. 8). In
addition, orthodromic activation of recurrent inhibition is
most probably confined to interneurons that are not
connected in a feedforward fashion. In interneurons that
are connected in a feedforward manner, the AHP of the
synaptic AP prevents recurrent unitary APs (Fig.12Da).
The second of synaptic double spikes is more likely to be
generated by feedforward excitation (cf. Fig. 84 at 700 pA,
and Fig. 12Db).

The importance of recurrent inhibition in CA1 may lie — in
analogy to the CA3 region (Miles & Wong, 1986, 1987) — in
containing recurrent excitation (Deuchars & Thomson,
1996; Ali et al. 1998). The average latencies of recurrent
IPSPs (8:3ms) in the dual recording (Figs 11-13) were
somewhat longer than described for disynaptic recurrent
IPSPs in CA3 (Miles, 1990a) and CA1 (Sik et al. 1995).
Possible reasons are as follows. First, interneuron V. was
somewhat higher than average due to the interneuron
selection criteria of lack of spontaneous firing. Second, the
value of the onset of the unitary IPSP (about 2 ms) was
longer due to weak inhibitory coupling (see Table 2). Third,
recurrent activation kinetics of bistratified cells could have
been slower in comparison with basket cells (Ali et al. 1998).

A suprising observation in the mutually coupled pair of cells
shown in Figs 11-13 was the occurrence of delayed unitary
APs riding on plateau EPSPs in interneurons (Fig. 12). The
combination of the slow and fast unitary interneuron APs
(Fig. 12C) — even faster values have been reported (Miles,
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1990a; Sik et al. 1995) — generated a wide range of latencies
(Figs 11B and 12C). This could be a mechanism in the
observed long-lasting presence of GABA ,-mediated synaptic
influences following afferent stimulation (see Fig.1A4a). The
prolonged presence of inhibition conceivably enhances the
efficacy of containing However,
delayed unitary interneuron APs were obtained in a single
pair of cells and the general occurrence of this phenomenon
remains to be established.

recurrent excitation.

Inhibitory conductances

Although IPSP/IPSCs and g5, Were evoked by the same
stimulus (Figs 2—4), they may not represent the same event.
It was shown in motoneurons that the inhibitory action was
considerably faster than indicated by the IPSP (Araki et al.
1960). Our kinetic measurements of gqap,, suggest that
GABA ,-mediated inhibition may also be considerably faster
than indicated by the IPSC (Fig.3D; Table 1). Current
measurements were used in previous studies for assessing
the effects of inhibitory shunting (Edwards, 1990; Staley &
Mody, 1992). While efficacy of shunting can be measured by
the time integral of the current waveform, which is subject
to much less distortion than the amplitude (Jack et al. 1975;
Carnevale & Johnston, 1982), measurements of charge
transfer to soma do not decrease errors of kinetics that are
associated with current measurements. In contrast to
IPSP/IPSCs that are derived from spatially diverse sources
containing axial and membrane components, inhibitory
conductance changes occur in the immediate vicinity of the
synapse (Araki et al. 1960; Andersen et al. 1980; Koch et al.
1983).

Based on the temporal interaction of EPSCs and IPSCs, it
could have been concluded that synaptic inhibition may
primarily affect later parts of the orthodromic EPSP/EPSC
such as the delayed NMDA component (Staley & Mody,
1992). Based on the kinetics of ggapa, (Table 1; Fig.4),
however, it can be concluded — at least in CA1 — that the
orthodromic EPSP/EPSC rising phase is tightly controlled
by GABA ,-mediated inhibition.

How will activity-dependent modification of
inhibition change the orthodromic EPSP/EPSC?

A consequence of the shown complete temporal overlap of
afferent excitation and inhibition in CA1l pyramidal cells
(Figs 4 and 8) is that any modification of GABA ,-mediated
inhibition will affect the slope and peak of the EPSP. In
CA1, the net effect of LTP-inducing tetanization on
synaptic inhibition is an EPSP potentiation due to long-
term disinhibition caused by impairment of GABA , receptor
function. The evidence is as follows. First, barring effects on
GABA release mechanisms, the main action of tetanization
on monosynaptic inhibition is impairment of GABA,
receptor function (Stelzer et al. 1994). More importantly, a
long-term reduction of monosynaptic inhibitory responses
by tetanization was demonstrated (Stelzer et al. 1994).
Second, impairment of GABA , receptor function is also the
main modification of the efficacy of feedforward inhibitory



J. Physiol.516.2

responses. At the stimulation intensities that are typically
used for controls in LTP studies (e.g. 50 % of pyramidal cell
EPSP amplitudes, arguably higher in field potential studies),
feedforward inhibitory responses are close to their upper
limit (see Fig.84 and B). The maximal expression of
feedforward inhibition during control occludes a potential
tetanization-induced increase of interneuron excitability.
An enhancement of recurrent inhibition caused by pyramidal
cell LTP has no impact on the pyramidal cell EPSP rising
phase or peak due to lack of temporal overlap (Fig. 11B). In
summary, the presented data of temporal interaction of
afferent excitation and inhibition in CA1 pyramidal cells
support the previous postulate of disinhibition as LTP
mechanism (Stelzer et al. 1994; Wang & Stelzer, 1996).
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