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Destexhe, Alain and Denis Pare Impact of network activity on the duction of new experimental techniques such as intradendritic
integrative .propertles of neocortical pyramldal neurons In Vﬂl.O: recordings (L|Iﬁ8 and Nicholson 1971; Wong et al. 1979), and
Neurophysiol81: 1531-1547, 1999. During wakefulness, neocortlc%lisua"y guided patch-clamp recording (Stuart et al. 1993;

neurons are subjected to an intense synaptic bombardment. To asses L .
the consequences of this background activity for the integrative prop- Ste and Tank 1996) has revolutionized this area. These new

erties of pyramidal neurons, we constrained biophysical models wiPProaches revealed that the dendrites of pyramidal neurons
in vivo intracellular data obtained in anesthetized cats during periode involved actively in the integration of excitatory postsyn-
of intense network activity similar to that observed in the wakingptic potentials (EPSPs) and that the activation of few synapses
state. In pyramidal cells of the parietal cortex (area 5-7), synaph@as powerful effects at the soma in brain slices (Markram et al.
activity was responsible for an approximately fivefold decrease §997; Mason et al. 1991; Thomson and Deuchars 1997). Al-
input resistanceR,,), a more depolarized membrane potentiéhX.  ,,,gh remarkably precise data have been obtained in slices,

and a marked increase in the amplitudeéVif fluctuations, as deter- . g : . -
mined by comparing the same cells before and after mi(:roperfusionl'(gtlje is known about the integrative properties of the same

tetrodotoxin (TTX). The model was constrained by measurementsgurons in Vi\{o- o .

R, by the average value and standard deviation ofMheneasured ~ The synaptic connectivity of the neocortex is very dense.
from epochs of intense synaptic activity recorded with KAc or KClEach pyramidal cell receives 5,000—60,000 synapses (Cragg
filled pipettes as well as the values measured in the same cells aftg67; DeFelipe and Fams 1992), 70% of which originate
TTX. To reproduce all experimental results, the simulated synapfiom other cortical neurons (Gruner et al. 1974; Szentagothai
act(;v_lt);]_rtl)ad to be of relat:vel)ijg_lgh frequency (1-5 Hﬁ) (‘;"t e>E)C|ta_tor 965). Given that neocortical neurons spontaneously fire at
and inhibitory synapses. In addition, synaptic Inputs had to be SIgng- 5°1y; i awake animals (Evarts 1964; Hubel 1959; Steriade
icantly correlated (correlation coefficiert0.1) to reproduce the am- 31978) cortical cells must e)(<perience tre,mendous syr;aptic cur-

plitude of V,, fluctuations recorded experimentally. The presence g . o2 ;
voltage-dependent K currents, estimated from current-voltage relal€Nts that may have a significant influence on their integrative

tions after TTX, affected these parameters 410%. The model Properties. This theme was explored by several modeling stud-
predicts that the conductance due to synaptic activity is 7-30 timi€s (Barrett 1975; Bernander et al. 1991; Holmes and Woody
larger than the somatic leak conductance to be consistent with #@89), where it was predicted that synaptic activity may have

approximately fivefold change iR, The impact of this massive a profound impact on dendritic integration. However, despite

increase in conductance on dendritic attenuation was investigateditgr possible importance for understanding neuronal function,

passive neurons and neurons with voltage-dependentkNacur- the conductance due to synaptic activity was never measured in
rents in soma and dendrites. In passive neurons, correlated syn ke animals because of the paramount technical difficulties
bombardment had a major influence on dendritic attenuation. T ted to intracellular recordings in conscious animals

electrotonic attenuation of simulated synaptic inputs was enhanc dj\ . t th difficulti trained i
greatly in the presence of synaptic bombardment, with distal synapse 0 circumvent these ditficullies, we constrained computa-

having minimal effects at the soma. Similarly, in the presence §Pnal models of neocortical pyramidal neurons with in vivo
dendritic voltage-dependent currents, the convergence of hundred§éfacellular data obtained in ketamine-xylazine-anesthetized
synaptic inputs was required to evoke action potentials reliably. In tHiéits before and after local perfusion of tetrodotoxin (TTX)
case, however, dendritic voltage-dependent currents minimized (fRareet al. 1998b). The interest of this approach derives from
variability due to input location, with distal apical synapses being ahe fact that under ketamine-xylazine anesthesia, cortical neu-
effective as synapses on basal dendrites. In conclusion, this confpins oscillate €1 Hz) between two states, one where the
nation of intracellular and computational data suggests that, durifgnwork is quiescent and another where it displays a pattern of
low-amplitude fast electroencephalographic activity, neocortical neH'tivity similar to the waking state (Steriade et al. 1993a,b)
rons are bombarded continuously by correlated synaptic inputs at h : . P ’
frequency, which significantly affect their integrative properties. ung'erjl-iﬁea(ljncej B())'(:Lnsliegg’iglmggv\};ﬁie gztiltve N (lg%)lofhse(gllgé-l
series of predictions are suggested to test this model. P ! . King '
troencephalogram (EEG) is dominated by waves of low am-
plitude and high frequencies (20—60 Hz) and neocortical py-
INTRODUCTION ramidgl neurons _fire spon.taneously at 5-20 Hz. Moreover,
. ) ) _ L ) electrical stimulation of brain stem activating systems that are
Since the classical view of passive dendritic integration Wgglieved to maintain the awake state in normal circumstances
proposed for motoneurons 30 years ago (Fatt 1957), the intiieits periods of desynchronized EEG activity with similar

The costs of publication of this article were defrayed in part by the payme%FaraCte”S“CS under ketamine-xylazine anesthesia (Steriade et

of page charges. The article must therefore be hereby markexsttisemerit ~ al- 1993a). . . . .
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. Thus we estimated the synaptic activity required to account
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Fic. 1. Electrophysiological properties of neocor-
tical pyramidal neurons during periods of intense syn-
aptic activity.A: extracellularly recorded cortical neu-

EEG | EEG lo2mv ron of the suprasylvian gyrus in an awake cat. This
! o cell fired tonically at 7.1 Hz (Extracellular) while the

electroencephalogram (EEG) displayed low-ampli-

L 3

2 sec 2 sec tude fast activity (20—-60 Hz)B: intracellularly re-
corded cortical neuron of the same cortical area under
C D ketamine-xylazine anesthesia using a K-acetate-filled
ACTIVE TTX pipette. “Active” periods (bars) alternate with deep

hyperpolarizations. During active periods, this cortical
neuron fired at-7.3 Hz while the EEG showed low-
amplitude fast activitiesC: low R;, during active
periods. Top during active periods, the voltage re-
sponses to intracellularly injected current pulses
(—0.1 nA) were highly variable (cell maintained hy-
perpolarized just below firing threshold). Avg: aver-
age of 50 pulsesD: same cell and current pulse
amplitude as irC after application of TTXTop TTX
suppressed most spontaneous events and produced a
v marked increase iR, and time constant. Avg: aver-
age of 20 pulsest: V,, distribution before and after
100ms 100 ms TTX. During active periods (Active)y,, values were
distributed between-70 and—55 mV, and the stan-
dard deviation was higho(, = 3.5 mV in this case).
: . . . . 0.8 : . . : . TTX produced a marked hyperpolarization (to around

m
oy

F 1100 —80 mV) and a drop ofr, (to ~0.4 mV). F: graph
- ® u plotting the percentage decreaseRp (normalized to
5t TTX 106 @ f w8 —a ® 180 {peR, under TTX) as a function of, for several cells
8 g 3 1 60 during active periods and after TTX.
ot 104 3 .
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for the differences in neuronal properties observed in vidgdocaine (2%) was applied to all skin incisions. End-tidal £O
during synaptic quiescence (i.e., in the presence of TTX) apencentration was kept at 3% 0.2% (mean* SE) and the body
during these active periods, here considered as a model of {§fBperature was maintained at 37°C with a heating pad. To ensure
spontaneous synaptic bombardment occurring in the waki ording stability, the cisterna magna was drained, the cat was

: . pended, and a bilateral pneumothorax was performed. Intracellular
.St?te' The mq{_del t?e_r: Wasduszd_t_to_lr;fer t?e impact of ﬂﬁ cording electrodes consisted of glass capillary tubes pulled to a tip
Intense synaptic aclivity on dendnitic integration. diameter 0f~0.5 um (~30 M(Q) and filled with K-acetate or KCI (2.5

M). Details about experimental procedures and cell identification were

METHODS given previously (Paret al. 1998a,b). Experiments were conducted in
agreement with ethics guidelines of the Canadian Council on Animal
Intracellular recordings in vivo Care.

We reanalyzed intracellular data obtained from neocortical pyr ; R
midal cells recorded in a previous study (Peteal. 1998b). Unpub- X microperfusion in vivo
lished intracellular recordings obtained with K-acetate-filled pipettes An injection micro-pipette (75um tip diameter) was inserted2
(n = 2) also were included in the analysis. Briefly, intracellulamm rostral to the recording micropipette to a depth of 1.5 mm. A
recordings were obtained from morphologically identified neocorticablution (Ringer or Ringei TTX, 50 wM) was pumped continuously
pyramidal cells in the suprasylvian gyrus (area 5-7) of cats deeplyough the injection pipette (1-1/l/min) for the duration of the
anesthetized with a ketamine-xylazine mixture (11 and 2 mg/kg imgcording session; the dialyzing solution was changed using a liquid
paralyzed with gallamine triethiodide, and artificially ventilated. Thewitch system. The Ringer solution contained (in mM) 126 NacCl, 26
level of anesthesia was determined by continuously monitoring theHCGQ,, 3 KClI, 1.2 KH,PQ,, 1.6 MgSQ, 2 CaCl, 5 HEPES, and 15
EEG, and supplemental doses of ketamine-xylazine (2 and 0.3 mg/gtycose. The blockade of synaptic activity by TTX was evidenced by
respectively, iv) were given to maintain a synchronized EEG pattetthe disappearance of responses to electrical stimuli applied to the
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cortex using tungsten microelectrodes inserted 2 mm caudal to thembrane) were as follows: 10-20 GABAergic synapses in soma,
recording pipette (see Paet al. 1997, 1998b for more details). 40—-80 GABAergic synapses in axon initial segment, 8—12 GABAer-
gic synapses, and 55-65 glutamatergic (AMPA) synapses in den-
; i drites.
Estimation of membrane parameters The kinetics of AMPA and GABA receptor types were simulated
Membrane potential\{,,) distributions were computed from con-using two-state kinetic models (Destexhe et al. 1994)
catenated epochs of intense synaptic activity totalirfg min. The

signal was sampled at 5 kHz (for a total-e800,000 data points), and lsyn = Goyn M (V — Egy) M)
the positive phase of action potentials was deleted digitally. The dm
values of these data points (usually 2) were replaced by that of points —=a[T](1-m)—Bm )

immediately preceding the action potentials. No attempt was made to dt

delete spikg afterpotentials because they were distorted by $P9nt%ﬁ9erelsyn is the postsynaptic current,, is the maximal conduc-
ous synaptic events. The average((V,,)) and the standard deviation tance mis the fraction of open receptoi,,, is the reversal potential,

(o) were computed from such distributions. [T] is the transmitter concentration in the cleft, andand g are
forward and backward binding rate constantsTdb open the recep-
Geometry for computational models tors.Eqyn=0mV,a = 11X 1P M~ 's %, B = 670 s * for AMPA
_ _ _ receptorsEy,,= =80 mV,a =5x 1° M~ 's™*, g = 180 s°* for
Simulations of cat layer II-ll, layer V, and layer VI neocorticalGABA , receptors. When a spike occurred in the presynaptic com-

pyramidal cells were based on cellular reconstructions obtained frgyartment, a pulse of transmitter was triggered such fAat{ 1 mM
two previous studies (Contreras et al. 1997; Douglas et al. 1991). T\@ing 1 ms. The kinetic parameters were obtained by fitting the
cellular geometries were incorporated into the NEURON simulatigfiodel to postsynaptic currents recorded experimentally (see Destexhe
environment (Hines and Carnevale 1997). The dendritic surface wasal. 1998) N-methyl-p-aspartate (NMDA) receptors are blocked by
corrected for spines, assuming that spines represei% of the ketamine and were not included.
dendritic membrane area (DeFelipe and Fasii992). Surface cor-
rection was made by rescaling,, and conductances by 1.45 a :
described previously (Bush and Sejnowski 1993;" Rdral. 1998a). “Correlation of release events
An axon was added, consisting in an initial segment ofx2®length In some simulationsN Poisson-distributed random presynaptic
and 1pm diam, followed by 10 segments of 1@0n length and 0.5 trains of action potentials were generated according to a correlation
wm diam each. coefficientc. The correlation applied to any pair of presynaptic train,
irrespective of the proximity of synapses on the dendritic tree and
Passive properties correlations were treated independently for excitatory and inhibitory
synapses for simplicity. To generate correlated presynaptic trains, a
Passive properties were adjusted to experimental recordings in ga¢ of N, independent Poisson-distributed random variables was gen-
absence of synaptic activity: to block synaptic events mediated byated and distributed randomly among Meresynaptic trains. This
glutamate a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acidprocedure was repeated at every integration step such that,the
(AMPA) and y-aminobutyric acid type-A (GABA) receptors, the random variables were redistributed constantly amongd\tipeesyn-
microperfusion solution contained: Ringer TTX (50 uM) + aptic trains. Correlations arose from the fact thgt= N and the
1,2,3,4-tetrahydro-6-nitro2,3-dioxo-benzo[flquinoxaline-7-sulfonensuing redundancy within thé presynaptic trainsN, was chosen
amide disodium (NBQX, 20QuM) + bicuculline (200uM). This  such as to generate a correlationcof 0.05-0.2 calculated from the
procedure suppresses all miniature synaptic events, as demonstrat@eék of the cross-correlation function. Typicalty= 16563 and\, =
a previous study (Paret al. 1997). 400 gave a correlation value of~ 0.1.
Fitting of the model to passive responses obtained in such condi-
tions of absence of synaptic activity was performed using a simplgx...
algorithm (Press et al. 1986). Fitted parameters were leak conducta%eé:gve currents
and reversal potential, whereas other passive parameters were fixetlctive currents were inserted into the soma, dendrites, and axon
(membrane capacitance of AF/cn? and axial resistivity of 250 with different densities in accordance with available experimental
Qcm). Other combinations of passive parameters were also consididence in neocortical and hippocampal pyramidal neurons (Hoff-
ered, including a supplementary leak in the soma (10 nS) dueri@n et al. 1997; Magee and Johnston 1995; Magee et al. 1998; Stuart
electrode impalement, combined with a lower leak conductance @fd Sakmann 1994). Active currents were expressed by the generic
0.015 mS cm? (Pongracz et al. 1991; Spruston and Johnston 199%)m
and/or a lower axial resistivity of 10Qcm.
In some simulations, a nonuniform distribution of leak parameters I = gm"hY(v - E)
was used based on estimations in layer V neocortical pyramidal ce|l _ . . .
(Stuart and Spruston 1998). As estimated by these authors, the agiar cJi 1S the maximal conductance of currdnande, is its reversal

resistance was low (8@cm) and the leak conductance was lowP> ential. The current activates acc_:ordirjg\aloacti\_/ation gates, rep-
(Gom = 0.019 MS cm?) in soma but highd.., = 0.125 mS cr?) resented by the gating variabhe It inactivates withN inactivation
leak — Y- eak — Y.

in distal dendritesg,. . Was given by a sigmoid distributiond/,, = E%t:,[sicrip[le;?;gzd by the gating varidblenandh obey to first-order
8+ 44/l + exp[_(x . 496)/5.0]} wherex is_the dista_nc_e to soma. The The vgltage-dépendent Nacurrent was described by (Traub and
exact form of this dlstrlbutlo_n was obtained by fitting the model tR/liles 1991)
passive responses as described above.

Ina = Gnam’h(V — Eya)
Synaptic inputs

dm
The densities of synapses in different regions of the cell were - en((@ = m) = Ba(V)m

estimated from morphological studies of neocortical pyramidal cells
(DeFelipe and Fafes 1992; Fafias and DeFelipe 1991a,b; Larkman dh a(V)(1 = h) — Bu(W)h
1991; Mungai 1967; White 1989). These densities (per 26¢ of dt - " "
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—0.32(V — V7 — 13) application, revealing that differences in background synaptic
“m T exp=(V — Vy — 13)/4] — 1 activity account for much of the discrepancies between in vivo
and in vitro recordings. Intracellular recordings were per-
g, = 280 = Vr — 40) formed under barbiturate and ketamine-xylazine anesthesia,
exp[(V — Vy — 40)/5] - 1 and the input resistanc®() was estimated before and after
o = 0.128 expl-(V — Vs — Vs — 17)/18] TTX application (Paret al. 1_9_98b). However, f[hese p_roperties
were never measured specifically during active periods. Here,
By — 4 we have reexamined and quantified these data by focusing
1+ exp[—(V — Vi — Vs — 40)/5] specifically on active periods occurring under ketamine-xyla-
whereV; = —58 mV was adjusted to obtain a threshold of arounéIne anesthesia (Fig.Bl bars). These active periods were

—55 mV as in our experiments, and the inactivation was shifted by %entlfled as .fOHOW.S' neurons fire at5-20 Hz, their mem-
mV toward hyperpolarized valued/{ = —10 mV) to match the Drane potential\(;) is around—65 to —60 mV, and the EEG
voltage dependence of Nacurrents in neocortical pyramidal cellsdisplays low-amplitude waves of fast frequency in the gamma
(Huguenard et al. 1988). The pattern and kinetics of Nhannels range. Active periods usually lastedd.4-2 s, although peri-
was similar to a previous study on hippocampal pyramidal celads lasting up to several seconds occasionally occurred (Ste-
(Hoffman et al. 1997): the density was low in soma and dendrites (1B@de et al. 1993a).
pS/m?) and was 10 times higher in the axon. During active periods, neocortical neurons had a Ryy as

The “delayed-rectifier” K™ current was described by (Traub andshown by the relatively small voltage responses to intracellular

Miles 1991) current injection (Fig. €, top). Averaging>50 pulses during
kg = Gra N* (V — Ex) active periods led t&®,, of 9.2 = 4.3 M(Q (n = 26), consistent
with previous observations (Contreras et al. 1996).
dn _ (V) (1= 1) = B,(V) The total conductance change due to synaptic activity was
" " quantified by comparing th&,, of the cells during active
0.032(/ — Vs — 15) periods to that measured after blocking synaptic transmission
o, = : T using microperfusion of TTX. Under TTX, injection of current
exp[~(V = Vr = 15)/5] = 1 pulses led to larger responses (Fif)land largerR,, values
Bn= 0.5 exp[-(V — V; — 10)/40] (46 = 8 MQ; n = 9). This was paralleled by a marked decrease

N N 5. ) in the amplitude o/, fluctuations, as quantified by the stan-
K™ channel densities were of 100 p$&t“ in soma and dendrites, y5rd deviation of the/(o; Fig. 1E). In nine different cells

and 1,000 p$/m? in the axon. : . : '
A noninactivating K current was described by (Mainen et al.recorded successively during active periods and after TTX

1995) application,o,, was reduced from 4.6 2.0 mV to 0.4= 0.1
mV, respectively (Fig. E). Figure E also shows that th¥,,
Iw=0un (V- Ey) dropped significantly te-80 = 2 mV, as reported previously
(Pareet al. 1998b). During active periods, the averagge
dn_ a(V) (L= n) — B,(V) n (V) was—65 = 2 mV in control conditions (K-acetate-filled
dt pipettes) and—51 = 2 mV with chloride-filled recording
0.0001Y + 30) pipettes. These conditions correspond to chloride reversal po-
* = 1 exp[-(V + 30)/9] tentials Ec) of —73.8 = 1.6 mV and—-52.0 = 2.9 mV,
respectively (Pdret al. 1998a).
_—0.0001y + 30) NormalizingR;,, changes with reference to tig, measured
"1 - exp[(V+ 30)/9] in the presence of TTX revealed that in all cells where active

This current was present in soma and dendrites (density of . - - X
pSium?) and was responsible for spike frequency adaptation, tic activity @ = 9), theR,, was rfd_uc?d bY approximately
detailed previously (Paret al. 1998a). he same relative amount (81:43.6%; Fig. F; data summa-

It was reported that some pyramidal cell have a hyperpolarizatio#zeéd in Table 1), independently of absolute values. Similar
activated current termel, (Spain et al. 1987; Stuart and Sprustorvalues were obtained by repeating this analysis at different
1998). However, most cells recorded in the present study had ¥gs, either more depolarized, by using chloride-filled pipettes
apparentl,, (see passive responses in Figs. 1 and 2). Occasionallg, = 7), or more hyperpolarized, by steady current injection
cells displayed a pronounceg but these cells were not included in(—1 nA; n = 2). Taken together, these data show that active
thedpllresent study. This current was therefore not included in theriods are characterized by an about fivefold decreaBe,in
moaet. . . _ significant depolarization of 15-30 mV depending on the

All simulations were done using NEURON (Hines and Carneva co?ding COﬂditFi)OﬂS;, and &10-fold increase Fi)n the %mpli-

2%riods could be compared with an epoch of suppressed syn-
t

\1/?:\;) COK).a Sparc-20 work-station (Sun Microsystems, Mountahr}de ofV,, fluctuations.

RESULTS Model of high-frequency release

Membrane properties of neocortical pyramidal neurons Computational' models of cat neoco_rt'ical pyramidal cells
during active periods were used to estimate the release conditions and conductances

necessary to account for these experimental measurements. A
In a previous study (Paret al. 1998b), the properties oflayer VI neocortical pyramidal cell (FigA) was reconstructed
pyramidal neurons were compared before and after local TBXd incorporated in simulations (se&THops). As both so-
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Data

A Model
Soma
50 ms
Dendrite
FiG. 2. Calibration of the model to passive responses and
miniature synaptic events recorded intracellularly in vivo.
morphology of a layer VI neocortical pyramidal cell from cat
cerebral cortex, which was reconstructed and incorporated into
computational models. Passive responses of the model were
50 ms adjusted to somatic (Soma&;0.1 nA current pulse) and dendritic
recordings (Dendrite;-0.2 nA current pulse) obtained in vivo in
B the presence of TTX and synaptic blockers (segHoDS). B:

miniature synaptic potentials in neocortical pyramidal neurons.
Left TTX-resistant miniature events in somatic (Soma) and den-
dritic (Dendrite) recordings. Histograms of mini amplitudes are
shown in the insetsRight simulated miniature events; 16,563
glutamatergic and 3,376 GABAergic synapses were simulated
with Poisson-distributed spontaneous release. Quantal conduc-

» 50
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tances and release frequency were estimated by matching simu-
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Amplitude (mV) Amplitude (mV) lations to experimental data. Best fits were obtained with an
A e ™ A N AN AR S average release frequency of 0.01 Hz and conductances of 1,200
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matic and dendritic recordings are critical to constrain, tHgpruston 1998), also was tested (se&Hops). No further
simulations of synaptic activity (see following text), passiveffort was made to optimize passive parameters as models and
responses from both types of recordings (Rdr&@. 1997) were experiments were based on different cellular morphologies.
used to constrain the passive parameters of the model. Tiies fitting procedure ensured that the model hadRgrand a
fitting was performed such that the same model could fit botime constant consistent with both somatic and dendritic re-
somatic and dendritic recordings obtained in deep pyramidadrdings free of synaptic activity.

cells in the absence of synaptic activity (TTX synaptic The next step was to simulate TTX-resistant miniature syn-
blockers; seanetHoDs). The same model could fit both tracesptic potentials occurring in the same neurons. These miniature
(Fig. 2A) with the following optimal passive parametersevents were characterized in somatic and dendritic intracellular
Jeak = 0.045 mS cm?, C,,, = 1 uF/cn?, andR = 250Qcm recordings after microperfusion of TTX in vivo (Paet al.
(seemETHODS). Another fit was performed by forcing, to 100 1997) (Fig. B, lef). To simulate them, a plausible range of
Qcm (C,, = 1 uFlen? andg,eq = 0.039 mS cm?). Although parameters was determined based on in vivo experimental
the latter set of values were not optimal, they were used ¢onstraints. Then, a search within this parameter range was
check for the dependence of the results on axial resistancepésformed to find an optimal set that was consistent with all
passive fit also was performed with high membrane resistancenstraints. These constraints were the densities of synapses in
based on whole cell recordings (Pongracz et al. 1991; Sprustbfierent regions of the cell, as derived from morphological
and Johnston 1992), and a somatic shunt due to electratiedies of neocortical pyramidal cells (DeFelipe and TFein
impalement. In this case, the parameters were as follows: 101892; Fariims and DeFelipe 1991a,b; Larkman 1991; Mungai
somatic shuntg,.,, = 0.0155 mS cm?, C,,, = 1 uF/cn?, and 1967; White 1989) (seReTHops); the quantal conductance at

R was of either 250 or 100.cm. A nonunlform leak conduc- AMPA and GABA, synapses, as determined by whole cell
tance, low in soma and a high in distal dendrites (Stuart anecordings of neocortical neurons (Markram et al. 1997; Salin
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TABLE 1. Membrane parameters of neocortical neurons during  periods recorded with chloride-filled electrodds,(= —55

intense synaptic activity and after TTX mV). Here again an extensive search in this parameter space
was performed, and several combinations of excitatory and
Model inhibitory release frequencies could reproduce correct values
,F\’Aaer:gafé%r Experiments bassive o for theR, decreases and,, differences between active periods
P Nev K M and after TTX (Fig. 3). The optimal values of release fre-
oy, MV 4.0+20 3.6-4.0 3.8-4.2 quencies werd, = 1 Hz (range 0.5-3 Hz) for excitatory
(Vi) (KAC), mV —65x2 —63.0t0—-66.1 —643t0-66.4 synapses and, = 5.5 Hz (range 4-8 Hz) for inhibitory
(V) (KCI), mV -51+2 ~50.110-52.2 -50.710-53.1 gypapses.
?gmgT(ﬁ)x)er]V _og.gi 2.1 Of’gg'4 B An additional constraint was the largé, fluctuations ex-

R, change, % 81.4 3.6 79-81 80-84 perimentally observed during active periods, as quantified by
o, (see preceding section). As shown in Fig. &1, O, @, A),

Experimental values were measured in intracellularly recorded pyra_miciﬁlcreasing the release frequency of excitatory or inhibitory
neuronsin vivo (Experlm_ent_s). The average valug/()) and standard de\{la- synapses produced the corret Change but a|Ways gave too
tion (o) of the V,, are indicated, as well as th®,, change, during active . .
periods and after TTX application. The values labeled “TTX" correspond t%ma” V?-Iues of,. High relgase frequencies led to membrane
somatic recordings of miniature synaptic potentials. Experimental values &kdctuations of small amplitude, due to the large number of
compared to the layer VI pyramidal cell model where active periods wegummating random events (FigB4. Variations within 50—

o el e o Aot e openoen e (1300% of the opimal value of diferent parameters, such as
give; sar?]e model as in FigD3) and with voltage-dgepencri)ent currents distribegﬁnapse densities, synapth Condl.JCtanceS’ frequency of relea.se'
uted in soma and dendrites (Nand K* currents; same model as in Figye €@k conductance, and axial resistance, could yield approxi-
The range of values indicate different combinations of release frequency (fronately correcR,, changes and corred,, but failed to account
75 to 150% of optimal values). Miniature synaptic events were simulated bgr values ofa,, observed during active periods (FigC3X).
uncorrelated relea_se events at low frequency (same model as ingjidgs&e One additional assumption had to be made to reprome
text for more details. . . . .

fluctuations comparable to those occurring in vivo. In the
and Prince 1996; Stern et al. 1992); the valueopfduring cortex, action potential-dependent release is clearly not inde-
miniature events after TTX application in vive-0.4 mV for pendent at different synapses, as single axons usually establish
somatic recordings and 0.6—-1.6 mV for dendritic recordingsgveral contacts in pyramidal cells (Markram et al. 1997,
(Pareet al. 1997); the change R, due to miniature events, asThomson and Deuchars 1997). More importantly, the presence
determined in vivo £8-12% in soma and 30-50% in den-of oscillatory amplitude fluctuations in the EEG (see FigAl,
drites) (Pareet al. 1997); and the distribution of mini ampli-andB) implies correlated activity in the network. A correlation
tudes and frequency, as obtained from in vivo somatic atiterefore was included in the release of different synapses (see
dendritic recordings (Fig.R, inses). METHODS). For the sake of simplicity, the correlation was irre-

An extensive search in this parameter range was perfornggukctive of the proximity of synapses on the dendritic tree and
and a narrow region was found to satisfy the above constrainterrelations were treated independently for excitatory and in-
The optimal values found were a density of 20 GABAergibibitory synapses. Figure8 shows simulations of random
synapses per 10@m? in the soma, 60 GABAergic synapsessynaptic bombardment similar to FigB8 but using different
per 100um? in the initial segment, 10 GABAergic synapsesorrelation coefficients. The horizontal alignment of the open
and 60 glutamatergic (AMPA) synapses per 1082 in the symbols in Fig. ®5 shows that the degree of correlation had
dendrites; a rate of spontaneous release (assumed uniformafaregligible effect on theé,, because the same amount of
all synapses) of 0.009-0.012 Hz; and quantal conductancesngfuts occurred on average. However, the degree of correlation
1,000-1,500 pS for glutamatergic and 400-800 pS faffected the standard deviation of the signal. Several combi-
GABAergic synapses. In these conditions, simulated miniatunations of excitatory and inhibitory correlations, within the
events were consistent with experiments (FiB, 8ght), with range of 0.05-0.1, gave rise Y6, fluctuations with compara-

o, of 0.3-0.4 mV in soma and 0.7-1.4 mV in dendrites, angle o, as those observed experimentally during active periods
R, changes of 8-11% in soma and 25-37% in dendrites. (Fig. 3D5; compare with Fig. E; see also Table 1). Introduc-

To simulate the intense synaptic activity occurring duringng correlations among excitatory or inhibitory inputs alone
active periods, we hypothesized that miniature events asldowed that excitatory correlations were most effective in
active periods are generated by the same population of syeproducing thé/,, fluctuations (Fig. B5, A).
apses with different conditions of release for GABAergic and To check if these results were affected by voltage-dependent
glutamatergic synapses. The preceding model of miniaturerrents, we estimated the voltage-dependent currents present
events was used to simulate active periods by increasing thecortical cells from their current-voltagd-Y) relationship.
release frequency at all synaptic terminals. Poisson-distribufEige |-V curve of a representative neocortical cell after TTX
release was simulated with identical release frequency for allcroperfusion is shown in Fig.A The |-V curve was ap-
excitatory synapsesf) as well as for inhibitory synapse$). proximately linear aV,,s more hyperpolarized than60 mV
The release frequenciésandf; affected theR,, and average but displayed an important outward rectification at more de-
V., (V) (Fig. 3A). These aspects were constrained by th@olarized potentials similar to in vitro observations (Stafstrom
following experimental measurements (see preceding sectiogf)al. 1982). Ther,, was of ~57.3 M() at values around rest
the R, change produced by TTX should be80%; theV,, (about—75 mV)and 30.3 M) at more depolarize¥,, (greater
should be around-80 mV without synaptic activity; th&/,,, than—60 mV), which represents a relatif®, change of 47%.
should be about-65 mV during active periodsE, = —75 This cell had the strongest outward rectification in six cells
mV); and theV,, should be around-51 mV during active measured after TTX (relativig,, change of 3Gt 11%,n = 6).




INTEGRATIVE PROPERTIES OF NEOCORTICAL NEURONS IN VIVO 1537

%Rin decrease

4 2 4 6 8
Release frequency f; (Hz) Release frequency f, (Hz) Release frequency f; (Hz)
B 5
1 WW ' ' ' i "] 100
% . 43 —_—— J80
2 AU M e e I SN AN i P T e e g L8, 1e0
Q
o
cf ¥ wActive - 40
3 WWWMWMMNWWMN T 9‘. oTTX 2
Rf & 1
e AN AT A SN At A P NN ANt NP NP PP oo PN E, d‘x . . | ,d0
4 2 4 6
10mv o, (mV)
C ot AN b P rergat s gttt D)
1 - T ] 100
%- % —_— J80
2 Mt AN g\ Nt e PSS o
é F X J60
ct =Active {40
3 WWWWMW»MMMW £ oTTX
<f J20
4 NI N AP M A AU A A, Lo , , do
0 2 4
o, (mVv)
D
1 P A IR s A P AR M PPN i A 3 T T . T ™ 100
N N T | B je0
o
é b =Active 1°
3 et oTTX ] 40
z i3k
4 & vinh 1%
b.o . , . .30

— 0 2

4
200 ms o, (mV)

Fic. 3. Constraining the release parameters of the model to simulate periods of intense synaptic Aceffiget of release
frequencies oifir;, (A1) and averag¥,, ((V,,) for 2 values of chloride reversal potenti&l, (A2 andA3). Both excitatory () and
inhibitory (f;) release frequencies were varied; each curve represents different ratios betweefp thé&#:f; (0), f. = 0.3f; (0),
fo = 0.18f; (e), f, = 0.1f; (»). B, range of values observed during in vivo experiments using either KAc- or KCl-filled pipettes.
Optimal value wa$, = 1 Hz andf, = 5.5 Hz.B: increasing the release frequency can account for the experimentally ob&yved
decrease but not for the standard deviatioWgf(o,). B1-B4 effect of increasing the release frequency ufi.te 1 Hz,f; = 5.5
Hz (B4). Different symbols in the graptBf) indicate different combinations of release frequencies, synaptic conductances and
densitiesC: several combinations of conductance and release frequencies could yield Byrdmtrease but failed to reproduce
o,. C1-C4 different parameter combinations giving the highestAll parameters were varied within 50—200% of their value in
B4 and are shown by crosses@b. D: introducing a correlation between release events led to cdReetnd o,,. D1-D4 these
correspond td, = 1 Hz andf; = 5.5 Hz, as inB4, with increasing values of correlation (0.025, 0.05, 0.075, and 0.1 fodrto
D4). D5: o, 0O, a, andv, R, and g, obtained with different values of correlation (between 0 and 0.2) when all inplitogly
excitatory inputs £) or only inhibitory inputs ¢) were correlated.

In the model, this type dfV relation was simulated by includ- The constraining procedure described above then was used
ing two voltage-dependent’Kcurrents) .4 andl,, (seevetHops).  to estimate the release conditions in the presence of voltage-
In the presence of these two currents, the model displayediegpendent currents. First, the model includipg andl,, was
comparable rectification as the cell showing the strongest rectfit-to passive traces obtained in the absence of synaptic activity
cation in experiments under TTX (FigB4the straight lines to estimate the leak conductance and leak reversal (similar to
indicate the same linear fits asAnfor comparison). Fig. 2A). Second, the release rate required to account fosfhe
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A Experiments B Model

20 mvV

62 mV A FiG. 4. Outward rectification of neocortical pyrami-
dal neuronsA: current-voltage relation of a deep py-
ramidal neuron after microperfusion of TTX. This cell
had a restingV,, of =75 mV after TTX and was
maintained at-62 mV by DC current injection. Cur-
rent-voltage ItV) relation obtained by additional injec-
tion of current pulses of different amplituddsV re-
—_— lation revealed a significant reduction dR, at
200 ms depolarized levels (straight lines indicate the best linear
fits). B: simulation of the same protocol in the model
AV (mV) AV (mV) pyramidal neuron. Model had 2 voltage-dependefit K
20— 20 currents,lq (100 pSim?) and Iy, (2 pSpum?). 1-V
30.3 MQ & relation obtained in the presence of both currents (cir-
cles) and compared with the same model withre-
1 ] _ ] | | | N | ] moved (+). Model displayed a comparable rectification
-1 05 0.5 1 -1 05 0.5 1 as experiments, although more pronounced (straight
Al (nA) Al (nA) !ines) indicate the same linear fits asAnfor compar-
ison).

-

-62 mV

57.3 MQ

—40-

andR,, change produced by miniature events was estimatedraarkedly, betraying a greatly enhanced electrotonic attenua-
in Fig. 2B. Third, we estimated the release rates that could begin. In these conditions, the relative amplitude of the deflec-
reproduce th&,,, (V,,) and o, (see Fig. 3). tion induced by the same amount of current with and without
The presence of voltage-dependent currents pdeUrﬁéﬁaptic activity, as well as the difference in time constant,
small—but detectable—changes in the optimal release conglere in agreement with experimental observations (compare
tions. For example, the sanf®, change(V,,) ando, as the Fig. 5B, Soma, with Fig. 1C andD). The effect of synaptic
passive model with, = 1 Hz andf; = 5.5 Hz was obtained pombardment on the time constant was also in agreement with
with fo = 0.92 Hz andf; = 5.0 Hz (8-9% lower) in a model previous models (Bernander et al. 1991; Holmes and Woody
containinglyy andly,. Both models gave nearly identical, 1989; Koch et al. 1996).
values for the same value of correlation. A similar constraining Dendritic attenuation was characterized further by comput-
procedure also was performed using a nonuniform leak distirg somatodendritic profiles &f,, with steady current injection
bution with high leak conductances in distal dendrites (s@¢ the soma: in the absence of synaptic activity (Fig:, 5
METHODS), in addition tol Kd andIM, and nearly identical results uiet)’ the decay of\/m after somatic current injection was
were obtained (not shown). We therefore conclude that Iegkaracterized by space constants of 515-8Q depending
and voltage-dependentKcurrents have a small contributionon the dendritic branch considered, whereas the space constant
to the R, and o, of active periods, which are mostly deterwas reduced by about fivefold (105—-18fn) during simulated

mined by synaptic activity. active periods (Fig. 6, Active).
To estimate the convergence of synaptic inputs necessary to

ods, a constant density of excitatory synapses was stimulated

The experimental evidence for-a80% decrease iR, due synchronously in “proximal” and “distal” regions of den-
to synaptic bombardment betrays a massive opening of idrites (as indicated in Fig.A). In the absence of synaptic
channels. In the model, the total conductance due to synagativity, simulated EPSPs had large amplitudes (12.6 mV for
activity was 7-10 times larger than the leak conductance. pnoximal and 6.0 mV for distal; Fig.B Quiet). By contrast,
conditions of high membrane resistance based on whole adliring simulated active periods, the same stimuli gave rise to
recordings (Pongracz et al. 1991; Spruston and Johnston 19EBSPs that were barely distinguishable from spontan¥qus
the conductance due to synaptic activity was 20-30 timé#actuations (Fig. 8, Active). The average EPSP amplitude
larger than the dendritic leak conductance. was 5.4 mV for proximal and 1.16 mV for distal stimuli (Fig.

The impact of this massive increase in conductance 6B, Active, avg), showing that EPSPs are attenuated by a factor
dendritic attenuation was investigated by comparing the effexft2.3-5.2 in this case, with the maximal attenuation occurring
of current injection in active periods and synaptic quiescentm distal EPSPs. Figure@shows the effect of increasing the
(Fig. 5). In the absence of synaptic activity (Fid3,%mooth number of synchronously activated synapses. In quiescent con-
traces), somatic current injection (FigB5leff) elicited large ditions, <50 synapses on basal dendrites were sufficient to
voltage responses in dendrites, and reciprocally (Fig, 5evoke a 10-mV depolarization at the soma (Quiet, proximal),
right), showing a moderate electrotonic attenuation. By coand the activation of~100 distal synapses was needed to
trast, during simulated active periods (Fid3,5oisy traces), achieve a similar depolarization (Quiet, distal). During simu-
voltage responses to identical current injections were redudated active periods;>100 basal dendritic synapses were nec-
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Fic. 5. Passive dendritic attenuation dur-
ing simulated active periodsA: layer VI
pyramidal cell used for simulationB: injec-
tion of hyperpolarizing current pulses in the
soma [eft, —0.1 nA) and a dendritic branch
(right, —0.25 nA). Dendritic voltage is
shown at the same site as the current injec-
tion (indicated by a small arrow iA). Ac-
tivity during simulated active periods (noisy
traces; average of 50 pulses) is compared
with the same simulation in the absence of
synaptic activity (smooth linesi: somato-
dendriticV,,, profile along the path indicated
by a dashed line id\. V,, profile is shown at
steady state after injection of current in the
soma (0.8 nA). In the absence of synaptic
activity (Quiet), there was moderate attenu-
ation. During simulated active periods (Ac-
tive), the profile was fluctuating (100 traces
shown) but the average of 1,000 sweeps (Ac-
tive, avg) revealed a marked attenuation of
the steady-state voltage.
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essary to reliably evoke a 10-mV somatic depolarization (Ac- To determine whether these results are dependent on the
tive, proximal), whereas the synchronous excitation=@f1l5 specific morphology of the studied cell, four different cellular
distal synapses only evoked depolarization of a few millivoligeometries were compared, ranging from small layer 1l-llI
(Active, distal). cells to large layer V pyramidal cells (FigAY. In experiments,

A B

Quiet
Proximal
stim.

Distal
stim.

Active

Active, avg

Proximal

Distal

C . 326

Quiet, proximal

Quiet, distal Active, distal

FIG. 6. Somatic depolarization necessitates the convergence of a large number of excitatory inputs during simulated active
periods.A: layer VI pyramidal cell was divided into 2 dendritic regions: “Proximal” included all dendritic branches laying within
200 um from the soma (circle) and “Distal” referred to dendritic segments outside this reBiattenuation after synchronized
synaptic stimulation. Density of 1 excitatory synapse per 206 was stimulated in proximal (81 synapses) and distal regions (46
synapses). Responses obtained in the absence of synaptic activity (Quiet) are compared with those observed during simulated active
periods (Active; 25 traces shown). In the presence of synaptic activity (Active), the evoked EPSP was visible only when proximal
synapses were stimulated. Average EPSPs (Active,ra¥g1000) showed a marked attenuation compared with the quiescent case.
C: averaged EPSPs obtained with increasing numbers of synchronously activated synapses. Protocols Bimédez followed
for different numbers of synchronously activated synapses (indicated for each trace). Horizontal dashed line indicates a typical
value of action potential threshold.

Active, proximal
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A

Layer {I-11I Layer V Layer V Layer VI
Rin = 94.2 MQ Rin = 38.9 MQ Rin = 23.1 MQ Rin = 58.9 MQ

FiG. 7. Effect of dendritic morphology on
membrane parameters during intense synaptic
activity. A: 4 cellular reconstructions from cat
neocortex used in simulations. All cells are
shown at the same scale and thBj, was
measured in the absence of synaptic activity
(identical passive parameters for all cellB).
graph plotting thdR,, decrease as a function of
the standard deviation of the signal for these 4
cells. For all cells, the release frequency was
the samef( = 1 Hz, f; = 5.5 Hz). Results
obtained without correlationX) and with a
correlation ofc = 0.1 () are indicatedC:
attenuation of distal EPSPs in 2 layer V cells.
Excitatory synapses were stimulated synchro-
nously in the distal apical dendrite-B00 um
from soma; indicated by dashed lines M).
EPSPs resulting from the stimulation of 857
(left) and 647 AMPA synapsesight, 23.1
F ' ' ' 73100 MQ cell) are shown for quiescent (Quiet) and
Quiet Quiet active conditions (Active). These EPSPs were
Eog i — 180 5 mv ~2-3 mV in amplitude without synaptic ac-
SN AN tivity but were undetectable during active pe-
. / N : s riods. Same simulation, performed with low
m Active 40 . ' = axial resistance (10Qcm:; dashed lines), gave
3 o TTX ] qualitatively identical results.

L x c=0 120 Active, avg Active, avg

A c=01 - . . .
.9 L L I 1
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the absoluteR,, values varied from cell to cell. However, theattenuation of EPSPs must be reexamined in models that in-
relative R, change produced by TTX was similar in all celllude active dendritic currents.
recorded. Similarly, in the model, the absolu®, values
depended on the cellular geometry: using identigal _passipfﬁ,ing properties during active periods
parameters, thR,, values of the four neurons shown in Figh 7
ranged from 23 to 94 M. However, high-frequency release The response of the simulated neuron to depolarizing
conditions had a similar impact on their membrane propertiezirrent pulses was tested in the presence of voltage-depen-
Using identical synaptic densities, synaptic conductances, ateht Na currents, in addition td,4 andl,,. In the absence
release conditions as detailed above led to a decredgg @i of synaptic activity (Fig. 8), the model displayed pro-
~80% for all cells (Fig. B). V,, fluctuations also dependednounced spike frequency adaptation duel g similar to
critically on the degree of correlation between the release ‘Gegular spiking” pyramidal cells in vitro (Connors et al.
different synapses. Uncorrelated events produced too small1982). However, spike frequency adaptation was not appar-
(Fig. 7B, X), whereas a correlation of 0.1 could reproduce bo#nt in the presence of correlated synaptic activity (Fig), 8
the R,, change ands, (Fig. 7B, A). The value ofo, was probably due to the very small conductancd,gfcompared
correlated with cell size (not shown), and the variabilityogf with synaptic conductances. Nevertheless, the presence of
values was relatively high compared with thaRyf decreases. |,, affected the firing behavior of the cell, as suppressing
The effect of synaptic activity on dendritic attenuation was algbis current enhanced the excitability of the cell (Fig, 8lo
independent of the cell geometry: the space constant wgg. This is consistent with the increase of excitability
reduced by about fivefold in all four cells (not shown). Moredemonstrated in neocortical slices (McCormick and Prince
over, for the two layer V neurons, stimulating several hundred986) after suppression of, by application of acetylcho-
of synapses at a distance o800 um from the soma had line.
undetectable effects during active periods (Fi@).7This result In the presence of Naand K" voltage-dependent cur-
was also reproduced using low axial resistivities (Fi€:, 7 rents, simulated active periods generated ‘‘spontaneous”
dashed lines). firing at an average rate that depended on the action poten-
These results show that intense synaptic activity has a drastéd threshold, which was affected by Naurrent densities.
effect on the attenuation of distal synaptic inputs. HoweveBetting the threshold at about55 mV in soma, based on
voltage-dependent currents in dendrites may amplify EPS®%r experiments, led to a sustained firing rate~of0 Hz
(Cook and Johnston 1997) or trigger dendritic spikes théfig. 9A), with all other features consistent with the model
propagate toward the soma (Stuart et al. 1997). Therefore thescribed earlier. In particular, t, reductions and values
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Control no IM

FIG. 8. Model of spike frequency adaptation with and without

—JM I 40 mV M synaptic activity.A: in the absence of synaptic activity, the slow
voltage-dependent K currentl,, caused spike frequency adapta-

-8omv tion in response to depolarizing current pulses (Control; 1 nA

injected from resting/,,, of —80 mV). Same stimulus did not elicit
[— spike frequency adaptation in the absencépfNo I,,). B: in the
100 ms presence of correlated synaptic activity, spike frequency adaptation
B was not apparent although the same conductance was used
(Control; depolarizing pulse of 1 nA from resting, of approxi-

mately equal to—65 mV). Without |, the excitability of the
cortical pyramidal cell was enhanced (MNg).
-65 mV
- OO L

e ————n

o [ e

of o, produced by synaptic activity were affected minimallyated toward the soma in agreement with a previous model
by the presence of voltage-dependent currents (Table (Bareet al. 1998a). During active periods (Fig.AQActive),
However, this was only valid foR, calculated in the linear proximal or distal stimuli did not trigger spikes reliably al-
region of thel-V relation (less than-60 mV; see Fig. 4). though the clustering of action potentials near the time of the
Thus atV,,s more negative thar-60 mV, the membrane stimulation (*) shows that EPSPs affected the firing probabil-
parameters are essentially determined by background sy)- The evoked response, averaged from 1,000 sweeps under
aptic currents with a minimal contribution from intrinsicjtense synaptic activity (Fig. 20 Active, avg), showed sim-
voltage-dependent currents. __ilar amplitude for proximal or distal inputs. Average responses
In these conditions, the firing rate of the cell was sensitivgq not reveal any spiky waveform, indicating that action
to the release frequency: a threefold increase in relegs§entials were not precisely timed with the EPSP in both
frequencies led to a proportional increase in firing rate (froag;ﬁses_
~10 to ~30 Hz; Fig. B, - - -). Indeed, if all release fre- i is interesting to note that, in Fig. 20 distal stimuli
quencies were increased by a given factor, the firing ralgoked action potential clustering, whereas proximal stimuli
increased by about the same factor (Fig, ). This shows i not, despite the fact that a larger number of proximal
that, within this range of release frequencies, the average,nses were activated. Distal stimuli evoked dendritic action
firing rate of the cell reflects the average firing rate of it otentials, some of which reached the soma and led to the
afferents. However, this relationship was broken if the resnserved cluster. Increasing the number of simultaneously
lease frequency was changed only at excitatory synapsggivated excitatory synapses enhanced spike clustering for
doubling the excitatory release frequency with no change jyih proximal and distal stimuli (Fig. B *). This also was
inhibition tripled the firing rate (Fig. G, @). _ evidenced by the spiky components in the average EPSP (Fig.
Surprisingly, in Fig. 8 there was only a 129, difference 105 Active, avg). Comparison of responses evoked by differ-
between the 10 and 30 Hz conditions, although the releasg nympers of activated synapses (FigC)Lehows that the
frequency was threefold higher. This is due to the saturati@gyergence of several hundred excitatory synapses was nec-
effect of theR,, change as a function of release frequency (Figssary to evoke spikes reliably during intense synaptic activity.
3A1). This property may explain the observation that visually js remarkable that with active dendrites, similar conditions of
evoked responses are not paralleled by substaRfjahanges conyergence were required for proximal or distal inputs, in
in area 17 neurons (Berman et al. 1991). sharp contrast to the case with passive dendrites, in which there

Sharp events of lower amplitude than action potentials afgis 3 marked difference between proximal and distal inputs
also visible in Fig. 9A andB. These events are likely to beSFig. 6C).

dendritic spikes that_did not reach action potential thre_shold NThe magnitude of the currents active at rest may influence
the soma/axon region, similar to the fast prepotentials dgjese results. In particular, the significant rectification
scribed by Spencer and Kand(_al (1961). S|m|I§1r events Welessent at levels more depolarized thas0 mV (Fig. 4A)
repor_ted in intracellular recordings of neocortical pyramid ay affect the attenuation of depolarizing events. To inves-
cells in vivo (Deschees 1981). tigate this aspect, we estimated the conditions of synaptic
convergence using different distributions of leak conduc-
tances. Although suppressing thg conductance enhanced
|ntegrative properties during active periods the excitability of the cell (see preceding text), it did not
affect the convergence requirements in conditions of intense
The dendritic attenuation of EPSPs was examined in tBgnaptic activity (compare Fig. 11A and B). Using a
presence of voltage-dependent™Nand K" dendritic conduc- different set of passive parameters based on whole cell
tances. Using the same stimulation paradigm as in Hg8y. Gecordings, with a low axial resistance and a high membrane
proximal or distal synapses reliably fired the model cell iresistivity (Pongracz et al. 1991; Spruston and Johnston
quiescent conditions (Fig. 20 Quiet). The stimulation of 1992), also gave similar results (Fig.@)L Using a nonuni-
distal synapses elicited dendritic action potentials that prodarm distribution of leak conductance with strong leak in
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Al DISCUSSION

| 3 | The present study provides the first quantitative character-
} | Ll ization of the membrane properties of neocortical pyramidal
| cells in conditions of network activity similar to those observed
(] during the waking state. Intracellular recordings and biophys-

‘Go_”lv g UL L [EAL L ical models indicated that synaptic activity produces a massive
b natSa conductance change that is about five times larger than the
7 UL 1sec conductances already present in the cell in the absence of

A2 . o= synaptic activity. The model shows that this conductance in-

crease has a major impact on the electrotonic attenuation of
EPSPs along the dendritic tree. As this finding might have

40 mV important implications for understanding how cortical cells
process information, we first consider possible pitfalls of our
experimental and modeling procedures and then discuss the
significance of these findings.

200 ms .
Possible sources of error

B 11.5 MQ 10.3 MQ 11.5 MQ A first possible source of error is that theB0% decrease in

R, produced by synaptic activity was observed under anesthe-
sia and a different value might characterize the waking brain.

However, the fact that cells fire at similar rates during active

periods of ketamine-xylazine anesthesia and during wakeful-
ness indicates that both must be characterized by a similar
‘ ‘ | pattern of synaptic bombardment. This view also is supported
------------- ‘ by the similar spectral composition of the EEG in these two

500 ms states.
C . . . ' Two factors might have led us to underestimate the decrease
L 150 in R;,, produced by spontaneous synaptic activity. First, NMDA

receptors are antagonized by ketamine, and these channels
must reduce further thB,, of cortical cells during the waking

130 state. Second, TTX microperfusion may not have been com-
pletely effective in blocking all synapses (although evoked

140

Firing rate (Hz)

3 120 EPSPs were suppressed) (Pateal. 1997, 1998b), therefore
L » exc only 110 contributing to an additional underestimation of the rBg|
o exc +inh change. ldeally, the same analysis should be performed in
e . ! . .40 awake animals, which raises a number of technical difficulties.
0 1 2 3 4 Another possible source of error is that the contribution of
Release frequency (Hz) neuromodulatory currents to ti, change was not investi-

FiG. 9. Tonic firing behavior in simulated active periodsl: in the pres- gated. Most likely, TTX application not only suppresses fast
ence of voltage-dependent Naand K" conductances distributed in axon, (ionotropic) synaptic activity but also neuromodulatory
soma, and dendrites, the simulated neuron produced tonic firing at a fate(ﬁfetabotropic) influences. Future studies should address this

~10 Hz (action potential threshold 6f55 mV, (V,) = —65 mV, o, = 4.1 . . . . . .
mV). A2 same simulation ad1 shown with a fastrgr time basB: effvect ofa aspect using mlcroperfusmn of lonotropic synaptic blockers

3-fold increase in release frequency at excitatory and inhibitory synaps€lBQX, 2-amino-5-phosphonopentanoic acid, and bicucul-
Firing rate of the simulated cell also increased 3-fold (- R), is indicated line) to estimate the respective contribution of ionotropic and

before, during, and after the increase of release frequéhaylation between metabotropic activity to th&®,, change.
firing rate and release frequency when the frequency of release was in-p soyrce of error often raised for sharp-electrode record-
creased at both excitatory and inhibitory synapsgsof solely at excitatory . . . .
synapses). ings is that_the |m_palement damages the cell. Experimental
and modeling evidence suggests that cell damage had a
distal dendrites (Stuart and Spruston 1998) (see+ops) negligible effect on the relativ®,, changes measured ex-
also led to similar convergence requirements (FigoLl1n perimentally. First, blocking spontaneous synaptic activity
addition, we tested a 10 nS electrode shunt in soma withiravivo using TTX leads toR,, values that are similar to
larger membrane resistivity in dendrites and obtained neathose seen in vitro using the same type of electrodes (&are
identical results (not shown). al. 1998b). Second, we report here Id¥y, values during
These results show that under conditions of intense synaptitense synaptic activity and much largey, values after
activity, synaptic currents account for most of the cell’'s inpuETX application. These data clearly show that the IRy of
conductance, whereas intrinsic leak and voltage-dependeebcortical cells in vivo is not due to cell damage but is
conductances have a comparatively small contribution. It alatiributable to action potential-dependent factors. The
shows that hundreds of synaptic inputs are required to fire timarked difference inv,,, before and after TTX also shows
neuron reliably, and that this requirement seems independtrdt the depolarize¥,,, of neocortical cells in vivo is also a
of the location of the synaptic inputs. consequence of synaptic activity.
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Fic. 10. Attenuation of EPSPs in the presence of voltage-
~ dependent conductancek. same stimulation paradigm as in
—_— Fig. 6B performed in the presence of Naand K" currents
20ms inserted in axon, soma, and dendrites. Excitatory synapses
were activated synchronously in basal € 61) and distal
dendrites f = 46; >200 um from soma). In the absence of
spontaneous synaptic activity (Quiet), these stimuli reliably
evoked action potentials. During simulated active periods (Ac-
tive; 100 traces shown), the EPSP influenced action potential
generation, as shown by the tendency of spikes to cluster for
distal stimuli (*) but not for proximal stimuli. Average re-
sponses (Active, av@) = 1,000) shows that action potentials
were not precisely timed with the EPSB. with larger num-
bers of activated synapses (152 proximal, 99 distal), spike
clustering was more pronounced (*) and the average clearly
shows spike-related componerEs.average response obtained
with increasing numbers of synchronously activated synapses.
Several hundreds of synapses were necessary to elicit spikes
reliably.

B

Proximal

stim.

Distal
stim.

_

Proximal Distal aomv

20 ms

The model supports these conclusions by showing that sytyperpolarized/,,, (less than—55 mV), as cells were around
aptic activity can account for the changesRp, V,,, ando,. —80 mV under TTX and in the range 6f70 to —55 mV
Given that the change iR, attributable to synaptic activity during active periods, with rare excursions abovg5 mV
was estimated experimentally in the same cells before and afgee Fig. F). In this range of membrane potential, only a
TTX, it is reasonable to assume that the same electrode shemiall fraction of voltage-dependent channels should be
was present in both conditions. This shunt was included irmpen, whereas a large fraction of ionotropic receptor chan-
plicitly in the model when adjusting its passive properties (Figiels seem to be activated in the conditions studied here. The
2A). It also was included explicitly in the model, in combina€urrent-voltage relation was indeed approximately linear in
tion with higher membrane resistivity, and similar results wetthe V,,, range below—60 mV (Fig. 47A), suggesting that the
obtained. Given that dendritic attenuation is determined ess&,); change estimated in this region gf, is essentially due
tially by dendritically located conductances, it is not surprisingp synaptic currents. In addition, simulations indicate that
that a simulated electrode shunt in the soma had a mininvalltage-dependent K currents contribute<10% of the
effect here. measuredR,, change, even though the model was fit to the

Another possible source of error is the contribution afell showing the strongest rectification in our database (Fig.
voltage-dependent currents that are activated indirectly By. Nevertheless, a significant rectification is present at
synaptic events. In pyramidal neurons, the most numeroeasels more depolarized than55 mV (Fig. 4A) and should
ion channels are synaptic: in hippocampal pyramidal cellaffect the attenuation of depolarizing events. Together, these
dendrites, Na and K' currents total~100—-200 pSiém? data indicate that, fov,,s lower than—60 mV, the conduc-
(Magee and Johnston 1995; Magee et al. 1998) while AMPtAnce due to synaptic activity accounts for most of Re
receptors amount te-700 pSftm? (assuming 0.6 spines perchange observed. Further models and experiments are re-
wm?, 1 release site per spine and a quantal conductanceqoired to investigate if these conclusions are also valid for
1,200 pS). The present analysis was based on relativelgurons possessing a promindpt (Stuart and Spruston
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A Control densities, reversal potential, rate of release, correlation of re-
415 lease, as well as the nature, distribution, and kinetics of volt-
age-dependent currents. These different possibilities should be
addressed by future studies as data become available. Second,
40my the axial resistanclk, could not be constrained. This parameter
is usually estimated in the range of 200—-306m (Rall et al.
1992), but a recent study suggested lower values (Stuart and
Spruston 1998). We have tried simulations usit@f 250 or
T2oms 1000cm and nearly identical results were obtained (Fids. 7
and 1TC).
No IM A final source of error is that the models were not simulating

B
the cellular geometries of the recorded neurons. The fact that
Proximal Distal similar results were obtained using different cellular geome-
tries (Fig. 7) indicates that the exact dendritic morphology was
not critical here. However, the dendritic morphology influ-
enced the value of, for equivalent changes iR, (Fig. 7B).
Future studies should use cellular reconstructions of the re-

corded cells, allowing more precise simulations of passive
properties and of the impact of synaptic currents.

/

Distal

/99
/

.46

-

Small leak

C
Release conditions at cortical synapses
Proximal Distal In the suprasylvian cortex of awake cats, neurons display
“idle” firing rates of ~10 Hz but the rate increases to 20—60

Hz when cells respond to sensory stimuli (Kalaska 1996). In
the model, a~10-Hz firing rate was obtained with release
frequencies of 0.5-3 Hz for excitatory synapses and 4—8 Hz
for inhibitory synapses. These values are significantly below
the reported average firing rate of cortical neurons in this state,
suggesting that the release probability of excitatory synapses is

significantly less than unity (0.025-0.6). Indeed, in vitro stud-
Proximal Distal ies indicate a significant decrease in release probability at
steady state (Thomson et al. 1993). It should be noted, how-
ever, that the estimation of release frequency is dependent of
the synaptic density: a twice lower density would require a
doubled release frequency to reproduce equivalent results. The

Fic. 11. Synaptic bombardment minimizes the variability due to inpydresent densities were matching the density of spines in rat
location. Average responses to synchronized synaptic stimulation are cqisgcortical dendrites (0.6 spine m-ng in Larkman 1991). It

pared for proximal and distal regions of the dendritic arbor. Same stimulati . . L . . .
paradigm as in Fig. 10 repeated for different combination of resting conde)g-I pOSSIbIe that the spine densny is lower or hlgher in cats In

tances.A: control: average response obtained with increasing numbers WICh case our estimates of release probability should be
synchronously activated synapses (identical simulation as Fig). B same revised.
simulation withl, removed.C: same simulation as iA but with a lower axial Nevertheless, these release conditions could reproduce the
resistance (100.cm) and 3 times lower leak conductan@gy. = 0.015mS gang|arizedV,, and the reduced,, evidenced by in vivo
cm“). D: same simulation as iA with high leak conductance nonuniformly . m - . n .
distributed (seaseTHoDS) and low axial resistance (8Qcm). experiments. This seemed independent of the exact details of
dendritic morphology and cell size (Fig. 7), suggesting that
different cells in the neocortex experience similar release con-
1998) or prominent calcium and calcium-dependent cuditions during active periods. The model therefore predicts that
rents, which may play a role in shaping large depolariziripese changes are generic and are typical of the state of cortical
events. neurons during intense network activity.

The lack of constraints is another possible source of error forln addition to high-frequency release conditions, it was
models. Here, the model was constrained by experimentedcessary to include a significant correlation among release
observations obtained in three conditions of synaptic activigvents to account for experimental measurements. No correla-
recorded in the same population of cells: absence of synaptan was necessary to reproduce the characteristics of miniature
activity (TTX + synaptic blockers), miniature synaptic eventsynaptic potentials, as expected if these events arise from
(TTX) and intense synaptic activity. For each of these stategontaneous release occurring independently at each terminal.
the R,,, V., and o, were calculated, thus providing severén the other hand, an average correlation-@f1 was neces-
constraints for the model. Indeed, a relatively narrow range gdiry to account for th¥,, fluctuations observed during active
synaptic density, conductance, and release frequency copdgiods. This is consistent with the average correlation of 0.12
account for these measurements. However, some parameteessured between pairs of neurons in the cerebral cortex of
were not well constrained. First, there are few or no dabkehaving monkeys (Zohary et al. 1994). The model suggests
available on a possible nonuniform distribution of synaptithat this factor, together with the high-frequency release con-

D Nonuniform leak




INTEGRATIVE PROPERTIES OF NEOCORTICAL NEURONS IN VIVO 1545

ditions, is sufficient to account for the membrane properties Bfedictions

neocortical cells during active periods. Our results are compat- . . _ . :

ible with the view that during active periods, neocortical cells IThe first prediction of this model is that neurons intracellu-
display weakly correlated dischargas 0.1) (Zohary et al. arly recorded in the suprasylvian cortex during the awake state

) e | . should have markedly reducdr}, (by a =5-fold factor, see
i'%%t)l i%%ugr_r'g?eﬁ;ﬁqgggf rates-6-20 Hz) (Evarts 1964; preceding text). This could be tested by performing intracellu-

lar recordings in awake animals together with local application
of TTX. Although these experiments presently represent a real
Implication for dendritic integration technical challenge, it is likely that improvements in intracel-
lular recording techniques will make it feasible in the near
According to cable theory (Rall 1995), dendritic attenuatiofuture.
depends on the membrane conductance. Because our experfhe second prediction is that a large number of synapses
ments provide evidence for a massive increase of the tofayst be activated to influence significantly the probability of
membrane conductance during active periods, they predic@ion potential generation in neocortical pyramidal neurons in
major effect on dendritic attenuation, but the exact magnitu@étive states. This could be tested using intracellular recordings
of this effect is unknown. The model, constrainedRy (V.), 1" ketamme—.xylaz[ne ane;thesm in a first step anc_j sqbsequently
and o, before and after TTX, revealed drastic effects offf @wake animals if possible. The convergence criteria could be
dendritic attenuation and that a large number of converg timated by using local iontophoresis of increasing amounts

dendritic synaptic inputs are required to affect the voltage &tdlutamate. The effect on action potentials could be evaluated
ising similar averaging procedures as shown here. Performing

the soma. By simulating synchronous excitatory synapttgF same experiment under TTX may be used to provide a

events, It was estimated that th_e synchronous activation C r”rol of the amplitude/conductance of the evoked EPSPs in
80-150 synapses on basal dendrites was necessary for thetﬁg absence of synaptic activity

to reach action potential thresholdt §5 mV), whereas=415 g third prediction of the model is that during active

synapses simulated in distal branches evoked insufficient 8@sjnds, similar convergence criteria should be observed for
matic depolarization (Fig.®) or no depolarization at all (Fig. the activation of proximal versus distal synapses. This could be
7C). These simulations show that, because of passive dendrifisted using similar paradigms as above by comparing the
attenuation, it is difficult for EPSPs arising at distal sites tgffect of local glutamate application in deep versus superficial
have a significant effect on the soma if passive properties hagers of the cortex. The threshold amount of glutamate should
to be considered solely. be independent of the depth of application.

A very different picture was seen in the presence of dendriticIn conclusion, experiments and models indicate that in-
Na* and K" currents. During intense background synaptic actitense network activity similar to the waking state consists in
ity, the convergence of hundreds of coincident synaptic inputs wasakly correlated high-frequency release conditions respon-
required to evoke spiking reliably (Fig. 18-C), similar to the sible for a major increase of conductance in pyramidal
convergence requirements determined with passive dendrites (Figrons. The model further indicates that hundreds of highly
6). However, by contrast with the tremendous attenuation of disg@rrelated inputs are required to discharge the cell reliably
inputs in a passive neuron (FigCY, with active dendrites, the (Fig. 10C). We suggest that intense network activity main-
number of synapses required to evoke spiking reliably was dgins pyramidal cells in an idle state during which they are
proximately the same for proximal and distal stimulation (Figéady to respond rapidly to brief changes of correlation
10C). This shows that integrative properties cannot be simpf§ithin hundreds of their synaptic inputs. A change of cor-
deduced from passive dendritic attenuation. Low-amplitudgl@tion, or synchrony, seems to be the most efficient man-
EPSPs experienced tremendous attenuation because they WeFd0 carry information in these conditions, which supports
subthreshold for the activation of voltage-dependent currerfis,PoSSible role for synchronized oscillations in cortical
However, the synchronized stimulation of hundreds of excitatofjformation processing.
synapses evoked dendritic action potentials that propagated to-
ward the soma and had an equivalent effect on the firing probathis research was supported by the Medical Research Council of Canada
bility irrespective of their distance from the soma. Active derfind the Natural Science and Engineering Research Council of Canada.
drites therefore diminish the variability of the response due to thg0dress for reprint requests: A. DestexhépDele Physiologie, Faculte

> - . . ty . p h mdecme, Universitd.aval, Quédec G1K 7P4, Canada.
location of inputs, in agreement with a previous proposition (Cook
and Johnston 1997). Received 10 August 1998; accepted in final form 20 November 1998.
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