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SVNCIlRONIZATION of neuronal activity is fundamental in the 
operation of cortical networks ' . With respect to an ongoing 
synchronized oscillation, the precise timing of action potentials 
is an attractive candidate mechanism for information coding'-', 
Networks of inhibilory interneurons ha,'e been proposed to ha,'e a 
role in entraining cortica l, synchronized 40-Hz activity·". Here 
wc demonstrate that individual GABAergic interneurons' can 
effecti vely phase spontaneous firing and subthreshold oscillations 
in hippocampa l pyramidal cells at 0 frequencies (4-7 Hz). The 
efficiency of this entrainment is due to interaction of GA BAA-
receptor-mediated hyperl.olarizing synaptic events with intrinsic 
oscillatory mechanisms tuned to this frequency range in I.yramidal 
cells. Moreover, this GABAergic mechanism is sufficient to syn
chronize the firing of pyramidal cells. Thus, owing to the dh'er
gence of each GA BAergic interneuron·· ' o, more than a thousand 
pyramidal cells may share a common temporal reference estab
lished by an individual interneuron. 

Cortica l osci ll atory activi ty a t the electroencepha logram 
(EEG) level" has been correla ted to dis tinct patterns of behav
iour. One form of rhythmic activity. () osci ll ations (4-7 Hz). arc 
prominent in the hippocampal EEG during exploratory 
hehaviour" and have been proposed to serve as a reference for 
codi ng by 'place ce ll s"'. At the cellular level. intrinsic membrane 
conductances support ()-frequency membrane-potentia l osci lla
tions in individua l CA I pyramidal cell s". Moreover. intrace llu-
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lar recordings from pyramidal ce ll s du ring () activity have 
revealed rhythmic ch loride-media ted conductances that origin
ate close to the cell body '·'''. suggestin g that perisomatic 
GA BAA-receptor-mediated synaptic events contribute during 
in trace llul ar () oscillatory activity. We have tested. in the absence 
of palterned excitalory inpul. whether rhythmic activation of 
individua l GABAergic interneurons. which se lectively innervate 
the perisomatic region of pyramidal cells. can synchronize 0-
frequency osci ll ations in CA I pyramidal cell s in hippocampal 
slices. 

Anatomically identified GA BAergic interneurons were either 
basket cells (1/ = 8: F ig. I A) making sy narses ma in ly on somata 
(53± 15%) and prox ima l dendrites (44 ± 15'%). or axo-axonic 
cells (11 = 2) termina tin g on axon initial segmen ts of pyramida l 
cell s ( 100%). Both basket and axo-axonic ce lls elici ted GABA,,
receptor-mediated inhibitory postsynaptic potentia Is (i .p .s. pS)8 
in simu lt aneously recorded py ramidal ce lls (11 = 17). Rh ythmic 
activation of prcsy naptic ba kct and axo-axonic interneu rons at 
1- 8 Hz instan tly phase-locked firing in simultaneously recorded 
postsynaptic pyramidal cells (11 =7 of 7 cells lesled: Fig . 18) . 
By en!raining the pyra midal cell. the interneuron cou ld either 
decrease or increase the firing rate of the pyramidal cell. During 
ent rainmenl. inlerneurons and pyra midal cells fired a t a lternate 
phases. as occurs during e aClivi ty ill vivo '"' Subthresho ld mem
brane-potential osci llati ons were a lso entrained by rhythm ic actio 
vat ion of single basket and axo-axonic cells (11 = 5 of 5: Fig. I C). 
indicating that interneurons can ent rain pyramidal cell acti vit ies 
both at sub- and supra threshold leve ls. 

To elucida te the mechanism un derlyi ng inhibitory phasing of 
py ra midal neuro ns. unit ary i.p. s. ps were evoked at different 
membrane potentia ls. At depo la rized membrane potemials a t 
which firing oec urrcd spo radica ll y in the pyramida l cell. si ngle 
spikes o r short trains of action potentials in the in hibitory inter
neuron produced a hypcrpolarili ng i.p.s.p. in Ihe pyramida l ncu 
ron fo llowed by 'rebound' action potentials" " (/1 = I 0 of 13 : Fig . 
2A . a). These action potentials preferen tia lly occurred in a time 
window corresponding to the depolarizing overshoot fo ll owi ng 
i.p.s.ps at subthreshold membrane pOlent ia ls ( Fig. 211. h). Brief 
hyperpolarizing current pulses mimicking i.p.s.ps deli vered by 
the somatic recording electrode produced a simi lar depo larizing 
overshoot (11 = 8; Fig. 28). indica ti ng that the rebound was due 
to the i.p.s.p. -associatcd hypcrpolarization interacting wi th 
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FIG. 1 Phase-locking of pyramidal 
cell discharge by a single presynap
tic basket cell. A, Light-microscope
based reconstruction of a hippo
campal basket cell (BC) with exten
sive axon mainly restricted to the cell 
body layer of area CA1 where it 
forms type 11 (symmetrical) synaptic 
contacts with somata (64%) and 
proximal dendrites (36%) of pyrami
dal cells. SP, stratum pyramidale: 
SR. stratum radiatum: SLM. stratum 
lacunosum-moleculare. Scale bar, 
100 flm. Bottom: electron micro
graph of a symmetrical synapse 
(arrow) between a terminal (b) of the 
labelled basket cell and an unla
belled pyramida l cel l (PC) soma. 
Scale bar. 0.2 ~m. Action potentials 
evoked by brief depolarizing current 
pulses to this basket cell produced 
fast Lp.s.ps in a simultaneously 
recorded pyramidal cell (not shown). 
The reversal potential was - 69 mV 
and the average Lp.s.p. conductance 
was calculated to be 1.6 nS. The 
mean estimated reversal potential 
for all basket-cell-mediated Lp.s.ps 
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was - 75.5 ± 7.6 mV (n = 7 cell pairs), and the mean conductance was 
estimated to be 1.5 ± 0.7 nS (n = 6 ), as described2

". The Lp.s.p. was 
blocked by bath application of 2- 10 ~M bicuculline (n = 2). B, a, Firing of 
a pyramidal cell (lower trace), depolarized by constant current injection, 
becomes instantly entrained by periodic activation (4.7 Hz) of short 
trains of 3-4 action potentia Is in the presynaptic basket cell (upper 
trace. action potentia Is truncated). Dotted lines indicate intervals of 
0.21 s. In all 5 basket and 2 axo-axonic cell to pyramidal cell connec
tions tested for entrainment. the postsynaptic pyramidal cell became 
instantly phase-locked to the interneuron activity, firing at oPPosite 
phase to the interneuron. By entraining the postsynaptic pyramidal cell, 
the interneurons could decrease or increase the mean discharge rate 
of the pyramidal cell. Autocorrelation of the trace before (b) and during 
(c ) regular basket cell activity shows an increased rhythmicity of pyrami
dal cell firing during periodic activation of the interneuron. C, a. Effect 
of periodiC rhythmic discharge of a single basket cell on sub-threshold 
membrane potential oscillations in a pyramidal cell. Dotted lines indi
cate intervals of 0.26 s. Autocorrelograms of the trace before (b) and 

i nt ri nsic mem bra ne cond uctances. Severa I voltage-dependen t 
cond uctances have been reported to be involved in O-frequency 
subth resho ld membrane-potential oscillations in CA I pyramidal 
cells", as well as other co rt ica l neurons"" " As these membrane
potential osci llations and the rebound depolarization occur in a 
similar voltage range, we invcstigated whether the entrainment 
observed here might be due to interaction with intrinsic osci lla
tory mechanism In pyramidal cells depolarized to fire acti on 
potentia Is, un itary perisomatic i.p.s.ps were repeatedly evoked. 
Thc synaptic response suppressed, and thereafter faci litated act
ion-potential discharge in the pyramidal cell. as predicted" Sub
sequent multiple clusters of action potentials fo llowing a single 
i.p.s. p. indicate that the hyperpolari zing response reset an 
intrinsic rhythmic state rather than simply delaying the onset of 
acti on-potential generation ( 1/ = 10 of 13: Fig. 2C ). That th is 
action of the i.p.s.ps was indeed due to reselling the phase of an 
intrinsic osci llatory state is apparent from the abi lit y of i.p.s.ps to 
either reset or initiate subthreshold osci llations (Fig. 2D) . 

That single basket and axo-axon ic cells can entrain pyramidal 
cell act ivi ty both at sub- and suprathreshold membrane poten
tial s, suggests that synchronization of principal cell activity may 
be a fundamental role for these interneurons. Wc therefore 
tested_ in the presence of blockers of excitatory amino-acid 
receptors. whether minimal stimulation of GABAergic interneu
rons could synchroni ze the firing of two spontaneously active 
pyramidal cells. Indeed. one single i.p.s. p. reset regu lar fi r ing in 
both pyramidal cells (1/ = 5; Fig. 3A). whereas repeated minimal 
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following (c) entrainment show an increased rhythmicity during periodic 
activat ion of the interneuron. 
METHODS. Dual intracellular recordings were made from synaptically 
coupled CAl interneuron to pyramidal cell pairs from 400-~m-thick 
transverse adult rat hippocampal slices as described"' Slices were 
maintained at the interface between artificia l cerebrospinal fluid con
tain ing (in mM): 126 NaCI, 3 KCI, 1.25 NaH, PO,. 24 NaHC03 , 2 MgSO" 
2 CaCI2 , 10 glucose, pH 7.2, and a humidified atmosphere of 95% 0, 
and 5% CO2 • at 34-35 C. Sharp glass microelectrodes contained 2% 
biocytin in 1.5 M potassium methylsulphate and were bevelled to 
a d.c. resistance of 60-150 MO. Recovered biocytin-labelled cells 
were analysed in the light microscope and target selectivity was 
determined by electron microscopy for a total of 94 basket cell and 
22 axo-axonic cell synaptic contacts, ranging from 6 to 24 contacts per 
cell. All values are expressed as means ± s.d. The number of synaptically 
coupled pairs exceeds the number of interneurons because the latter 
could serve as the presynaptic partner for more than one recorded 
pyramidal cell. 

stimulation at O-frequencies phase-locked both neurons (Fig. 
38) . Thus. GABAergic interneurons can effecti vely synchronize 
pyramidal cell activit ies. The exact con t ribu tion of different sub
types of interneuron remains to be cstablished as they may be 
differentially active during different behavioural sta tes . Anatom
ically identified basket cells have been reported to fire phase
related to extracellularly recorded 0 oscilla tions" , whereas no 
such data are yet ava ilable for axo-axonic cells. As suggested by 
rhythmically occurrin g i.p.s.ps in basket cells during 0 acti vity' · , 
the basket cell s themselves may be phased by GABAergic inputs 
from the medial septum20 or from other interneurons in the 
hippocampal network . In addi tion, exci tation through recurrent 
axon collatcra ls from the pyramidal cells"" would strengthen 
rhythmic baskel cell discharges, suggesting a role for such a 
feedback loop" in synchronization of cort ical pyramidal cells". 

Our results suggest that post-inhibitory ' rebound ' activation 
of cortical principal cells must be considered as a fundamental 
facet in the functional repertoire of GABAergic interneurons 
acting on GA BA" receplOr. 24 . The interaction of the synaptic 
events wi th intrinsic conductances provides a powerfu l mecha
nism, such that one single interneuron is sufficient to synchronize 
a large neuronal population. Given the ubiquitous nature of 
peri somatic GABAergic innerva tion throughout cortical 
structures" , GABAergic phasing may represent a genera l 
mechanism for synchronizati on of co rtica l activity" Indeed, 
intracellular recordings ill vivu show that, at several distinct fre
quencies, rhythmic osci llatory activity is associated with periodic 
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FIG. 2 Mechanism underlying phasing of pyramidal cells. 
A. Effect of a short train of 3-4 action potentia Is (position 
indicated by filled arrow) el icited in the presynaptic basket 
cel l on a pyramidal cell at varying membrane potentia Is. 
Scale (vertica l) represents 20 mV in panels a of A, Band 
C and 2 mV in panels b, c of A and B; horizontal, 50 ms 
in A. Band 100 ms in C. a, Superimposition of 12 conse· 
cutive sweeps in which the i.p.s.p. was followed by an 
action potential. b, Average of 23 sweeps showing subthr· 
eshold rebound depolarization following the i.p.s.p. Note 
that the action potentials shown in a cluster in a region 
temporally coincid ing with the rise of the depolarizing 
overshoot. C, Postsynaptic response evoked at a more 
'1yperpolarized membrane potential showing a monoex
ponential decay and no depolarizing overshoot. B, Effect 
of brief hyperpolarizing current pulses in a pyramidal cell. 
a, Superimposition of 5 single sweeps in which a small 
hyperpolarizing current pulse (0.05 nA) elicited a rebound 
action potential. b, Average of 333 sweeps showing 
subthreShold rebound depolarization fo llowing a short 
hyperpolarizing current pulse. c. Identical current pu lses 
at more hyperpolarized membrane potentials failed to 
produce a depolarizing overshoot. C. Effect of unitary 
i.p.s.ps on the firing of the postsynaptic pyramidal cell. a. 
19 consecutive sweeps aligned on the rising phase of 
single action potentia Is (trigger point indicated by filled 
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triangle) evoked at 0 .75 Hz in the presynaptic basket cell. 
b, Corresponding spike histogram for a total of 132 
sweeps with 572 spikes. Note the regular occurrence of 
peaks in the histogram following the i.p.s.p. Bin width, 
20 ms. D, Effect of unitary i.p.s.p. on subthreshold memo 
brane potential oscillations of a postsynaptic pyramidal 
cell. a, Single sweep showing subthreShold membrane 
potential oscillations of the pyramidal cell. b, Three super· 
Imposed sweeps demonstrating the effect of single unit· 
ary i.p.s.ps (triangle) on subthreshold oscillations in the 
pyramidal cell. The positive peak of each cycle has been 
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marked with an open circle. At whichever phase or membrane potential 
the i.p.s.p. occurred, the i.p.s.p. effectively reset the oscillation. c, Single 
sweep demonstrating that a unitary i.p.s.p. can initiate oscillations in 
the pyramidal cell when no obvious oscillatory activity was present 
before the i.p.s.p. d. Average of 15 sweeps without action potentials. 
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SubthreShold OSCil latory activity occurring at random phases resulted 
in a flat pre·event baseline. Following the i.p.s.p .. a Characteristic wave· 
form, consistent with the i.p.s.p resetting an intrinsic oscillatory state. 
Scale in 0: (vertical ) a-c, 4 mV and d, 2 mY; horizontal is 100 ms for 
a-d. 

FIG. 3 Synchronization of pyramidal cell (PC) firing in the presence of 
ionotropic glutamate·receptor antagonists. A. Two simultaneously 
recorded pyramidal neurons were depolarized to elicit action potentials 
during which single i.p.s.ps (triangles), evoked at 0.2- 0.5 Hz by minimal 
stimulation, reset the regular firing of both cells (30 consecutive sweeps; 
n ~ 5). The stimulation strength was adjusted to evoke an i.p.s.p. of 
amplitude equivalent « 3 mY) to that produced by an individual, intra· 
cellularly recorded interneuron. In addition, rebound depolarization as 
in Fig. 2A, b could be evoked in both pyramidal cells (data not Shown). 
B, a. Rhythmic i.p.s.ps evoked by minimal stimulation at 5 Hz (triangles) 
synchronize the firing of two simultaneously recorded pyramidal neu
rons. Dotted lines indicate intervals of 0.2 s. b, Cross·correlogram for 
the two neurons in a 5-s period before rhythmic minimal st imu lation. 
c, Corresponding cross·correlogram for 5-s period fo llowing the start of 
rhythmic minimal stimulation. Note more pronounced cross·correlation 
during entrainment. 
METHODS. Dual intracel lular recordings were made from unconnected 
pairs of pyramidal cells separated by -100 Ilm. Minimal stimulation 
with a monopolar sharpened tungsten electrode (100 ~s, 3-8 V) was 
made in the pyramida l cell layer at a distance of -100 pm lateral from 
one of the recording electrodes in tile presence of 10 I'M 6-cyano-7-
nitroquinoxa line-2,3-dione and 30 I'M DL-2-amino-5-phosphonopen· 
tanoic acid. 
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i.p.s.ps, both in the hippocampus15
.' •. ,. and the neocortex". We 

therefore suggest that a subset of cortica l in terneurons serve a 
key role in synchronizing principal cell activity, thus providing 
the temporal reference relative to which specific informat ion may 
be coded. 0 
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