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Kumar, Sanjay S. and John R. Huguenard.Properties of excitatory a developmental transition from low probability of transmitter
synaptic connections mediated by the corpus callosum in the devellease to highP, at these synapses and/or alterations in the
oping rat neocortexJ Neurophysiold6: 2973—2985, 2001Despite properties of the underlying postsynaptic receptors. Physiologic
the major role of excitatory cortico-cortical connections in mediproperties of neocortical e-e connections are thus input specific and
ating neocortical activities, little is known about these synapsessaitbject to developmental changes in their postsynaptic receptors.
the cellular level. Here we have characterized the synaptic prop-
erties of long-range excitatory-to-excitatory contacts between vi-
sually identified layer V pyramidal neurons of agranular l‘ronta}INTR ODUCTION
cortex in callosally connected neocortical slices frpostnatal day
13t0 21 (P13-2) rats. Midline stimulation of the corpus callosum  Ejghty-five percent of synapses within the mammalian neo-
with a minimal stimulation paradigm evoked inward excitatorgqtey are excitatory with a large majority originating from
postsynaptic currents (EPSCs) with an averaged peak ampl'tUdGCB{tical neurons; 85% of the synapses made by excitatory
56.5 = 5 pA under conditions of whole cell voltage clamp-a70 ! . .

urons are onto other excitatory neurons (Braitenberg and

mV. EPSCs had fixed latencies from stimulus onset and co .. i R .
follow stimulus trains (1-20 Hz) without changes in kinetic prop=2CE 1991, Douglas et al. 1995; Kisvarday et al. 1986;

erties. Bath application of 2,3-dihydro-6-nitro-7-sulfamoyl-benzdVicGuire et al. 1984). Despite these numbers, which suggest a
(F)quinoxaline (NBQX) abolished these responses completely, iatrong contribution of excitatory cortico-cortical synapses to
dicating that they were mediated lyamino-3-hydroxy-5-methyl- the response properties of individual neurons and overall ex-
4-isoxazolepropionic acid (AMPA) receptors (AMPARSs). Evokeditability of the neocortex, it has been difficult to characterize
responses were isolated in picrotoxin to yield purely excitatomhe physiological properties and receptor composition of indi-
PSCs, and a low concentration of NBQX (0QuM) was used to yjdual excitatory-to-excitatory (e-e) synapses. The complexity

Pa”ia”yDb'oclk AMPARSfar?d pre"‘?jm dep”epti,fg”ln activity in thelof the excitatory circuitry together with the difficulty of iso-
tissue. epo arization of the recorde pyramidal neurons revea 1 H : : _
 at6, Slowly decaying Component that raversed-&mmy and was fing purely excitatory monosynaptic responses without caus

blocked byp-2-amino-5-phosphonovaleric acid. Thus AMPA an nlg Essue ?yperexcnat_)lllty, as occurs for efxample r\:\”thhthe
N-methyl-p-aspartate receptors (NMDARS) coexist at callosal sy yoc ade o GABA-erglc_ transmlssmr_l, are actor§ that have
apses and are likely to be activated monosynaptically. The peaitdered progress on this front (Avoli et al. 1997; Sutor and
amplitudes and decay time constants for EPSCs evoked usldghmann 1998). Furthermore, the probability of finding a
minimal stimulation ¢£40 mV) were similar to spontaneouslySynaptic connection in dual recordings from pairs of adjacent
occurring sEPSCs. Typical conductances associated with AMBAramids can be also surprisingly low (Markram et al. 1997).
and NMDAR-mediated components, deduced from their respectiveThe corpus callosum is the principal commissural pathway
current-voltagelgV) relationships, were 525 168 and 966 281  in the forebrain linking the two cerebral hemispheres. The cells
pS, respectively. AMPAR-mediated responses showed age-depgfiprigin of neocortical callosal projections are almost entirely
dﬁ.m Cr\‘zmef\'/“ tfhe rec“f'calt'onprig)pe”'ef. of t“evh relaF'onr'] pyramidal cells, located mainly in layers Il/lll and V, that
ships. ilel-Vs from animals> were linear, those in the : L : : . !
younger KP16) age group were inwardly rectifying. Althoughter.mmat? exclusgltelly with exglt%tory asymdn;]ettnc ?yngpses on
Ca&* permeability in AMPARs can be correlated with inwardSPINES O pyramidal neurons in homo- and hetero OpI(.: regions
rectification, outside-out somatic patches from younger animd¥ the contralateral cortex (Akers and Killackey 1978; Jacob-
were characterized by €a-impermeable receptors, suggestingon 1965; Jacobson and Trojanowski 1974; Pandya and Seltzer
that somatic receptors might be functionally different from thos&986; Wise and Jones 1976). Callosal projections are amenable
located at synapses. While the biophysical properties of AMPAR reliable electrical stimulation (Vogt and Gorman 1982) and,
components of callosally-evoked EPSCs were similar to thogg they are purely excitatory, lend themselves well to the study
evoked by stimulation of local excitatory connections, the NMDAy e-e synapses (Aram and Lodge 1988) and intracortical
component displayed input-specific differences. NMDAR-medisycitation. Furthermore, the callosum is considered a primary
ated responses for local inputs were activated at more hyperpo'@}ﬁbstrate for intrahemispheric spread of discharges in general-
ized holding potentials in contrast with those evoked by callosa - . . . g

ed epileptic seizures (Gazzaniga et al. 1975; Reeves and

stimulation. Paired stimuli used to assay presynaptic release prdp: . - .
erties showed paired-pulse depression (PPD) in anima?d6, Leary 1985). Clinical studies have shown that ablation of

which converted to facilitation (PPF) in older animals, suggesting
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this pathway (callosotomy) can eliminate seizure activity dlectrophysiology
decrease its severity and frequency, suggesting that intracorti- _
cal excitation can initiate and/or perpetuate epileptiform activ- Whole cell patch-clamp recordings were made from layer V pyra-
ity. Excitatory cortico-cortical projections may play a cruciafhidal neurons using a visualized infrared setup such that neuron
role in determining the strength and extent of its generalizatidk'go”".h.OIOgy and location within the various cortical lamina could be

. : - . . ; éntified. Recording electrodes (1.2- toufa tip diameters, 3—6
especially during critical periods in early maturation whe Q . . ;

. h . . d S ) contained (in mM) 120 cesium gluconate, 1 Mgdl CaCl, 11
neocortical tissue is vulnerable to epileptiform activity (Luh . 10 HEPES, 2 NaATP, 0.3 NaGTP, and 11 EGTA (pH 7.3
mann and Prince 1990; Moshe et al. 1983; Swann et al. 199 ected with Cs-OH, 290 mOsm). QX-314 (1 mM) was also in-

Our aim in this study was to assay the viability of using th@uded in the patch solution to block postsynaptic action potential—
corpus callosum as a model system for the study of intracefiediated events. Membrane potentials were corrected for a liquid
tical excitability by 1) investigating the receptor compositionunction potential of+10 mV for cesium gluconate in all experiments.
of the callosal synapse2) characterizing the voltage depenDrugs and chemicals were applied through the perfusate that was
dence of the pharmacologically isolated components of exgrntinuously oxygenated with 95%,3% CQO,. The exchange time
tatory postsynaptic currents (EPSCs) evoked by minimal stif§! the recording chamber was3 min, and all recordings were
ulation of the callosum3) determining whether the kinetic Obtalgﬁgkalfl;:r__; vtitﬁ';;fgcﬁgtgicag'gféfé \?Jgf;r%%esistiéﬁSc;X;ctYhSe'
ﬁre%egglsei;rz S}Fé?/g:n;?fg?e%r::dese\gﬁkﬁ (:I(I::_t::;ﬁcos;‘ rticeoLdne ddeLrI]yEqI{éggsal tract and/or intracortically in close proximity to the recorded

. ) ron (Fig. B), and constant-current pulses 50-309in duration
receptor populations at callosal and noncallosal synapses; gp 100-500uA in amplitude were applied at low frequencies

4) noting changes in the physiologic properties of these recgp-1-0.3 Hz). Minimal stimulation parameters were determined by
tors as a function age in the range considered. increasing current strength until an all-or-none postsynaptic response
Characterization of synaptic currents mediated by these veuld be evoked while holding the cell at70 mV and were held
ceptors first required the isolation of purely excitatory mongeonstant just above threshold (T)Zhroughout the remainder of the
synaptic responses with minimal contribution from polysynaggxperiment. EPSCs were recorded with an Axopatch 1D (Axon In-
tic events such as those arising from feed-forward excitatio?nfcul?rﬁgt?kxgEelfﬁgrs;é?{g;i okfrvxf;;reangaggvl\t:azﬁedcgtncluorrle(rﬂlzy V(\j/:tgf:
ng\jls:]%tﬁgﬁ \?vri]t?]’ : S?,:g:,nr:]zlczﬁlég?égﬂgncgﬁ{?od”lgén g}l (;icskgéido%&ed (44 kHz) using a Neurocorder DR-484 (Neuro Data Instruments)

inhibiti Call I ked d Wi d stored on VHS videotapes. Series resistance was monitored con-
Innibition. Lallosally EVOked responses were compared Wi uously, and experiments in which it changed by more than 20%

EPSCs evoked during stimulation of local excitatory circuitryere excluded from further analysis. No series resistance compensa-
in the vicinity of the recorded neuron to determine differencg®n was used in the experiments. Spontaneous synaptic responses
in the biophysical properties of the underlying receptor sulere analyzed separately using Mini Analysis (Synaptosoft) and
types and the input specificity of their responses. Our resutismemade software (Metatape and Detector). The threshold for de-
indicate that minimal stimulation of the callosum can evoke dacting SEPSCs was set at 2.5-3 times root-mean-square (RMS) noise
N-methylo-aspartate (NMDA) receptor—mediated monosyﬁ_eVeL Time constants for P_SCs were thained from single exponential
aptic EPSC in layer V pyramidal neurons in addition to thiis of averaged records using Clampfit (Axon Instruments), and traces
non-NMDA or a-amin0-3-hydroxy-5-methyl-4-isoxazo|epro-3hown in the figures are averages of at least 10 consecutive responses.

P ; : . . _All values are expressed as meanhsSE, and statistical differences
pionic acid (AMPA) component, reported in previous StUdI%ere measured with the Studenttest or the Kolmogorov-Smirnov

(Kawaguchi .1992’ Vogt _and Gormar) 1982). Interestingl K-S) test, unless indicated otherwise. The following were bath ap-
however, while the functional properties of AMPARS Wergjieq separately or in combination as required for specific protocols:
common among synaptic inputs onto the neuron, the NMDA $-)-2-amino-5-phosphonopentanoic acio-APV), 2,3-dihydro-6-
displayed input-specific differences in their activation. Taitro-7-sulfamoyl-benzo(F)quinoxaline [NBQX; concentrated stock
characterize the callosal synapse further, we also ascertainmeade up in dimethylsulphoxide (DMS®)0.1% final concentration],
using paired stimuli, its presynaptic release propertie®d picrotoxin (all from RBI/Sigma).

Postsynaptic changes in receptor function were assayed iRutside-out patches were obtained from layer V pyramidal neurons,
Conjunctlon us|ng evoked and Spontaneous EPSC data p@ﬁntlfled V|Sua”y based on their characteristic morphology using a

tions of this work have been presented earlier in abstract forg0 OPjective. Neurons were approached at their somas with a patch
(Kumar and Huguenard 1999) pipette under positive pressure (40 millibars). Patch electrodes had

resistances in the range of 2-5(Mwhen filled with an internal
solution containing (in mM) 140 CsCl, 10 EGTA, 2 MgCP NaATP,

METHODS 10 HEPES (pH 7.3 corrected with Cs-OH, 290 mOsm). Following the
release of positive pressure and formation of a gigaohm seal, the patch
In vitro slice preparation pipette was gently pulled away from the soma after break-in (whole

cell configuration) and lifted above the surface of the slice into the
Briefly, rat pups (Sprague-Dawley) were anesthetized using b@th with the aid of a motorized (TS products, Post Falls, ID) micro-

mg/kg pentobarbital sodium, administered intraperitoneally, and deanipulator. This procedure resulted in the formation of a stable
capitated, and the brains were rapidly removed and transferred touside-out patch (Hamill et al. 1981). The patch pipette was subse-
chilled (4°C) low-C&*, low-Na* slicing solution containing (in mM) quently displaced rapidly to a predetermined location in the recording
234 sucrose, 11 glucose, 24 NaH£Q.5 KCI, 1.25 NaHPQ,, 10 chamber superfused continuously with oxygenated ACSF, and rapid
MgSQ,, and 0.5 CaClequilibrated with a 95:5% mixture of £and application of the agonist (glutamate) was achieved using a method
CO.. Brains were subsequently blocked, and coronal slices,u300 similar to Jonas and Sakmann (1992) and Colquhoun et al. (1992).
thick, were prepared on a vibratome (blade angle, 18°) and incubagxikefly, an application pipette made from a the® ¢lass capillary

at 32°C in oxygenated artificial cerebrospinal fluid (ACSF, in mM(Sutter Instruments, Novato, CA; 1.5 mm OD; tip diameter: 150-200
126 NaCl, 26 NaHCQ 2.5 KCl, 1.25 NaBPG,, 2 MgCl,, 2 CaCl, um; wall thickness: 0.3 mm; septum thickness: 0.16 mm) was
and 10 glucose; pH 7.4) fdl h before recordings began. mounted directly onto a piezoelectric device and positioned in the
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FIG. 1. The callosal slice preparation and
schematicA1-A5 low-powered images of a
coronal cortical section, obtained with<d.O
objective, depicting placement of a bipolar
stimulating electrode (S i\1) at different
locations #) along the dorsal-ventral extent
of the callosum. The corresponding whole
cell responses of a layer V pyramidal neuron
(R in Al) evoked by stimulation of the cal-
losum at these locations are shownresets.
Traces are averages o010 responses
evoked at the holding potential 6f70 mV,
and stimulus intensity was constant through-
out. Patch pipette iMAl is visible during
whole cell recording from pyramidal neuron
on the right (R, scale bar is 40m). Note that
responses were especially robust at one near-
midline location (* inA2). Postsynaptic cur-
rents (PSCs) with longer latency and similar
kinetic properties could also be evoked from
the contralateral hemispherd5). Typical
recording region was usually closer to mid-
line in the frontal-cortex areas 1 and 2 (Frl
and Fr2,Al). B: schematic of the slice prep-
aration showing typical placement of the
stimulating (S) and recording (R) electrodes
(S1 and S2 for callosal and local intracortical
stimulation, respectively) on the slice and the
various anatomical structures that can be eas-
ily recognized: CC stands for the corpus cal-
losum and CA1, CA3 are regions of the
hippocampus. Roman numerals indicate cor-
tical laminae.

I:l Neocortex -g:ﬁ';::m -Cingulum [jl-llppocampus -Ventricle

recording chamber such that the “liquid filament,” generated at tsgringe pump (Sage Instruments, White Plains, NY) or via gravity.
interface between solutions flowing through the barrels offthébe, Rapid exchange of as many as three different solutions in each of the
was roughly orthogonal to the patch electrode (Fiyl)7 Because the chambers was made possible by running three independently primed
liquid filament was visible only under conditions when solutionines from the solution reservoirs to four-way Teflon manifolds whose
flowing out through the chambers of tletube were of different outputs were fed directly to the two barrels of theube. All solutions
optical densities [normal rat Ringer (NRR) and 10% NRR], the finaised in the rapid application experiments were HEPES buffered. The
location of the patch pipette within the streams was determined primntrol solution (NRR, in mM: 135 NaCl, 5.4 KCI, 1.8 CagCll

to actual experimentation. Responses with the shortest rise tinMgCl,, and 5 HEPES; pH adjusted to 7.3 with NaOH) usually flowed
without overshoot<€0.1 ms, Fig. A2) were obtained when the patchthrough one barrel and the test solutions through the other. The
pipette was placed-100-120um from the edge of thé tube and at duration of the solution change was controlled by a home-made
a perpendicular distance 6f50—60um from the liquid filament. It computer-interfaced piezo-controller (CCP96). For fast application of
was essential that the flow rate through the chambers of thbe be the agonist, freshly preparedglutamate (30uM) was added to the
constant (80—12Qul/min), and this was achieved either through &NRR. For C&" permeability experiments, the test solution was €eom
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prised of (in mM) 100 CaGl 1 MgCl,, and 5 HEPES; pH adjusted to evoked from within a narrow region of the fiber track, and they
7.3 with Ca(OH). To block NMDAR-mediated currents, 4QM  were dependent on the location of the stimulating electrode

p-APV was added to all solutions. NBQX (10M) was used with ; _ ; ; ; ; ; S
NRR to antagonize AMPAR-mediated responses (Fi). Mem- (Fig. 1, A1-Aj or the intensity of stimulation. Optimal stim

brane currents were recorded with an Axopatch 1D, filtered at 2 kl-w,atlng electrode placement was dgflned as the position on the
digitized, and stored on-line. Reversal potentials were estimated fr&@llosal track from where a maximal all-or-none response

current-voltage I¢V) relations by linear interpolation. could be evoked using the lowest stimulus intensity (100-500
1A, Fig. 1A2). EPSCs could also be successfully evoked from
RESULTS portions of the callosal track extending into the contralateral

hemisphere indicating that the integrity of the pathway was
preserved across the midline (Figh3). However, the chances
Pyramidal neurons in layer V of the agranular frontal corte®f finding a callosally connected pyramidal neuron were great-

were whole cell voltage clamped at70 mV (Fig. 1A1). estclose to midline in the agranular frontal cortices (Frl and 2)
Stimulation of the corpus callosum, close to the midlindPaxinos and Watson 1986), although we have recorded cal-
evoked an inward EPSC ir70% of the recorded pyramidallosal responses from cells in more lateral regions such as the
neurons, suggesting a relatively high intrahemispheric conneensorimotor cortex (Fig.All). These differences in connec-
tivity in this region. Responses in a given neuron could only Hivity may have arisen either due to the severing of axons

Callosal stimulation and connectivity

Stimulus Intensity =1.0 T IN 50 uM
N, ) . v CANUROE PICROTOXIN
T 1 A a b aMMAL
é t&“ .n “ L ‘\‘ 4
o _20 & o ; EPILEPTIFORM
k] PN Lo DISCHARGE
= e S At * A v
4 . As a
g '40 ™ s A 2 -
- e . . 20
0% 40 60 & LO—pA [sopA
Trace No. Ly
COCKTAIL:
B2 D1 CONTROL D2 s0um PTX +
M 0.1uM NBQX
-70 mV
1+2+3 N
|20 pA
e COCKTAIL
+
03 UL D4 s
H 10uM NBQX

| 50 pA | 25 pA l{
50 ms 25ms

FIG. 2. Single fiber responses and the pharmacological scheme for isolating purely excitatory postsynaptic currentsAEPSCs).
and A2 example of superimposedop, Al and averagedbpttom, A} responses evoked at threshold.(Note the all-or-none
nature of the response as reflected in the occurrence of intermingled successes and failures. Note also the fixed latency of the
successes from respective stimuli (arrows). A plot of the variability in response amplitude as a function of stimulus number is
shown inA2. B: preservation of EPSC characteristics during high-frequency stimulation (3 impulses, 28X ayerage of the
10 consecutive responses (0.2 Hz.), 4 of which are shown below. The arrowhead points to a failure, and the numbered symbols
represent stimuli. Averaged responses from the 1st, 2nd, and 3rd stimuli with normalized peak amplitudes superirB@dsed in
show their fixed latency from stimulus onset and similarities in their kinetic prope@esaultiple superimposedtdp) and
averagedlfotton) PSCs evoked at 1T2(—70 mV) in control artificial cerebrospinal fluid (ACSE1) and subsequently after the
addition of 50uM picrotoxin (PTX) to the bathing mediunC@). Note the resulting epileptiform discharde: pharmacological
scheme used to isolate pure excitatory EPSCs. PTX was used to block GABAiated inhibition and low 2,3-dihydro-6-nitro-
7-sulfamoyl-benzo(F)quinoxaline (NBQX; 0AM) to reduce excitation and prevent hyperexcitabiliy2. Note the ~20%
reduction in peak amplitude of the response under these conditions. EPSCs were evoked under minimal stimulation conditions and
deemed monosynaptic based on their fixed latency and ability to follow high-frequency stimulation without changes in their kinetic
properties (not shown). Note that—)-2-amino-5-phosphonopentanoic acio-APV) has no effect {70 mV, D3), while
increasing the concentration of NBQX to 1M blocked the responsé@), suggesting a purelg-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR)—mediated response at this holding potential.
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during slice preparation or the inhomogeneous distribution A1 % 20

the callosal connections in these areas of the neocortex ( = 5?399"";)5) = »

and Killackey 1981; Olavarria and Van Sluyters 1986). B @ 160
Stimulus intensity was increased until a thresholyl for i 0 ¢

evoking the EPSC could be established and kept just above g4y 20 o

threshold level 1.2T), where no further change in respons: ., 70 -50 -30 -1 '1

amplitude could be detected, for the duration of the expe . o ew .10 30 50

ment. In a majority of cases, the threshold was characterized T prmmmrte it on--®7 120 vimv)

the occurrence of frequent failures, as shown in FighRand "™ - 40

A2. Under these conditions callosal stimulation most likel = |£pA

activates a single axon collaterahifiimal stimulatiol since ] Ty

increasing stimulus intensity presumably recruits more fibeB1 B2

contributing to an increase in response amplitude and cot T

lead to activation of polysynaptic responses as reflected
changes in the EPSC kinetics. In a few cases, a bipha
response, comprised of two overriding PSCs, was obsen

t=3.93ms

. : ; 20 40
such that both components had fixed latencies from stimul !U_mEsA zlﬁ?
onset and shared the same threshold for activation (data
shown). These most likely represented cases in which pairs s = G
Peuons were Simultancously acivated because neithor ¢ | TeAmOude A conil | 43 6:17 | 4551

y 10-90% Rise Time (ms) 1.3410.1 ~7.0

ponent dropped out when stimulus frequency was increas Decay time constant (z, ms) | 4.04:0.1 | 80.9:6.1
EPSCs evoked by minimal stimulation of the callosum had ¢ Holding Potential (mV) -70 (n=6) | +45 (n=6)
averaged peak amplitude of 56t55.3 (SE) pA and a latency
of 6.13 = 0.2 ms from stimulus onseh(= 31). These were
most likely monosynaptic by virtue of their ability to follow C f%cngﬂ&g%ﬂﬂ PIXx D
stimulus trains of 1-20 Hz without changes in either the Z

latency or kinetic properties (Fig. B1 andB2) (Dobrunz and

Presynaptic Postsynaptic

Stevens 1997; Lambert and Wilson 1993). +40 MV N el
To study excitatory responses in isolation and reduce cc i ggﬁ,ﬁ;‘gﬂ;\j

tribution from polysynaptic connections, picrotoxin (PTX, 5( ﬁ :

uM) was included in the bathing medium to block all GABA +30 mV =

receptor-mediated responses and @sthe internal solution

to block GABAg responses. However, the complete absence ., {(h’ : ' S0 4%

inhibition usually resulted in tissue hyperexcitabilty (FiG.2, [ NMDARs

which could be controlled and prevented by adding a lo Ig]iA g (NMDA) = 966 + 281 pS

concentration (0.uM) of the AMPA/kainate receptor antag- g (AMPA) = 525+ 168 pS
onist NBQX to the perfusate. In the presence of the PTXx,
low-NBQX “cocktail,” the peak response amplitude was re- . . . o .
! ... responses isolated in cocktail at the indicated holding potenthly (The
duced by 20%, and EPSCs evoked under these conditiqD@ethylo-aspartate receptor (NMDAR)-mediated component is revealed on

(=70 mV) could be completely abolished by increasing the&polarization as confirmed by the current-voltage relationsh®). (Traces
concentration of NBQX to 1uM, indicating that they were are averages of 10 or more responses, and series resistance was consfant at
mediated by AMPA/kainate receptors (FigD)2 Since the MQ throughout the experiment. All recordings are obtained at 3B°Rinetic

. . . . . erties of callosal EPSCs. Traces are fit with a 1st-order single exponential
expression of kainate receptors in the neocortex is SUbStam'%ﬁgﬁon, and summary information in the boxes represents average values

reduced aftepostnatal day {P7) a_md kainate I'(‘3‘0(‘3‘p_tor—mEdi'from recordings obtained betwe@12 and P15 (n = 6). C: the late, slowly
ated EPSCs have larger decay time constants (Kidd and Iseée@ying NMDAR-mediated component of the callosal EPSC evoked during

1999) compared with responses isolated in this study, the laffdfimal stimulation can be distinguished from AMPA at the depolarized

: : : olding potentials by its blockade with 50M p-APV. D: estimates of the
were likely mediated predominantly by the AMPA class 0Eumber of AMPA and NMDA receptors per synapse (assuming minimal

lonotropic 9|Utamate receptors. stimulation activates a single synapse) obtained from measurements of the
respective conductances (derived from the current-voltage relationships) and
single-channel conductance information (see text for references).

50 ms
FiG. 3. Physiological properties of callosally evoked EPS&stypical

Voltage dependence of callosally evoked EPSCs

To determine the-V relationship of the pharmacologicallyfurther in section on developmental changes). The short dura-
isolated callosal EPSCs, we measured the magnitude of bégi of the responses observed at hyperpolarized holding po-
early and late components at various holding potentials in tigntial (=70 mV) together with their 10-90% rise time and
range —80 to +50 mV in the presence of the cocktail (Fig.decay time constantf of 1.34 = 0.1 ms and 4.04- 0.1 ms
3A1). The I-V plot of the early component of the responsgn = 6), respectively, were consistent with an AMPAR-medi-
corresponding to the peak inward currentat0 mV (a latency ated current. In contrast, the late component of the response,
of 9.9 ms from stimulus onset in the experiment in Fig23 recorded at a latency of 18.9 ms (FiAB @), in the example
), reversed near 0 mV and was linear in mature tisste15) illustrated, decayed more slowly & 80.9 = 6.1 ms,n = 6)
but showed inward rectification in younger animals (discussadd was activated only at depolarized potentials (greater than
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A1 EPSCs in cocktail (picrotoxin +low NBQX) A2 A3 In Cocktail: Picrotoxin +
callosal
-40 m 4 & -40 mv \ ‘ESO .80 -60 40 -20 * %
Cortical : v o e 50
[N g 201| ocortical ©
- @ callosal 1) 400
2
-70 mV: -70 mV ®10
£
| g
50 —
™ 0 -70 -40
100 ms 50 ms Holding Potential (mV)
B1 EPSCs (A1-2) following addition of D-APV B2 e B3 in Cocktail + D-APV
ca
40m v b v Vi Ak v y callosal ESD‘ B callosal
= rtical
N Cotical | Heorted
@ 201
£
S
=
=70 mV -70m = 101
=
5
3 -
| i _ 70 -40
100 ms 50 ms Holding Potential (mV)

FiG. 4. Stimulation of callosal and local inputs reveals input and/or age-specific differences in NMDAR-mediated regdonses.
andA2: averaged single-fiber EPSCs (isolated in cocktail fradfidneuron) evoked at 2 different holding potentials by alternately
stimulating the callosum (filled arrowheads) and locally (open arrowheads). Note how the NMDAR-mediated component of the
local cortical response is activated at a more hyperpolarized holding potential compared with the one activated by callosal
stimulation @A1). Responses normalized to the peak amplitude are showa.iNote that differences in the decay kinetics of the
EPSCs are manifest at40 mV but not at—=70 mV. A3 response duration vs. holding potential for callosal and cortical responses
averaged from 4 experiments under the above conditBnEPSCs recorded from the same neurdd &nd A2) following the
addition of 50uM bp-APV to the bathing medium. All traces are average$>@0 responses evoked at 0.2 Hz, and arrows point
to stimuli. B3: effects of APV on EPSC duration for callosal and cortical responses in the experiments depi8d lre inset
in A3is anl-V relationship of the late NMDAR-mediated components of the call@gzhiid intracortically ¢) evoked EPSCsA1
andA?2), showing difference in the holding potentialg mV) at which they are activated and their amplitudep4). ** P < 0.05.

—40 mV), characteristic of an NMDAR-mediated current anAMPAR-mediated component of the EPSC, based on the slope

its blockade by Mg". A comparison between the properties 0bf the linear fit of thd-V relationship, averaged 525 188 pS

representative inward+(70 mV) and outward responses45 (n = 6). This corresponds to between 26 and 65 AMPA

mV) is shown in Fig. 3,B1 and B2. AMPA and NMDAR- receptors per synaptic contact (FigD)3 Similarly, the aver-

mediated components contributing to the EPSC could be farged conductance associated with the NMDARSs, based on the

ther disassociated by using receptor-specific antagonists. Haje component of the EPSC at a holding potentiatdD mV,

ure I shows the effect of the NMDAR antagonistAPV (50 was estimated at 966 281 pS ( = 6) and corresponds to

uM) on the amplitude and kinetics of EPSCs evoked at the20 NMDA receptors per synaptic contact, assuming a single

various depolarized holding potentials indicated. Note that MMDAR channel conductance of50 pS (Cull-Candy et al.

the presence af-APV, a late, slowly decaying component 0f1988). These estimates, however, do not take into account the

the response originally present in the cocktail solution (fillestochastic nature of channel opening and are likely to represent

arrowheads) was transformed into a faster and briefer respotise lower limits of their ranges in vivo given the pharmaco-

(open arrowheads) typical of AMPA receptors. These dalagically reduced nature of the preparation.

suggest that minimal stimulation of the callosum evokes mixed

EPSCs with both AMPA and NMDAR-mediated component&omparison between the kinetic properties of callosal and
noncallosal AMPA responses

Receptor composition of a callosal synapse To determine whether the functional properties of the cal-

Characterization of th&V relationship underlying the cal- losal projections onto layer V pyramids were unique to this
losal response and its components enabled the determinatiopathway, we compared the kinetics of the callosally evoked
not only the receptor composition of these synapses but BRSCs with those evoked by local intracortical stimulation.
estimation of the number of receptors contributing to the pilntracortical stimulation activates a variety of excitatory affer-
tative monosynaptic response as well. Single-channel condeats, including short-range axons, making synaptic contacts
tance estimates for the AMPAR in the literature have rangedth the pyramidal neuron that are at least partially different
from ~8 pS (Benke et al. 1998) t6-20 pS (Traynelis et al. from those activated during callosal stimulation. A second
1993). In the present study, conductance measurements forgtimulating electrode was positioned in the vicinity of the
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recorded neuron, either on- or off-column, and a stimulatidarized direction compared with callosal synapses (Fi3,4

paradigm similar to the one described for callosal stimulatianse), but future studies will be required to fully characterize

was used to evoke intracortical EPSCs in the pyramidal neurthe differences in the properties of NMDARs at the two syn-

(Fig. 1B). Intracortical EPSCs had shorter latencies from stinapses as well as the relative contributions of AMPARS versus

ulus onset when compared with those evoked by callodMDARS.

stimulation (3.1+ 0.2 ms vs. 6.1+ 0.2 ms,n = 14, P <

0.001). However, in the presence APV, the 10-90% rise

times for intracortically evoked EPSCs (28 0.3 ms) and

those evoked by callosal stimulation (23 0.2 ms) were

similar at both—70 mV and at depolarized holding potentials The pure AMPAR-mediated responses in cortical pyramidal

between+40 and+60 mV (2.34* 0.3 ms vs. 2.7 3.3 ms; neurons from animals older thdl5 were characterized by

P > 0.5, n = 14). Likewise, the decay time constants fotinear I-V relationships that reversed close to the expected

intracortical and callosal EPSCs were also similar (£.0.5 reversal potential of 0 mV as shown in FigA.5The average

ms vs. 6.8+ 0.5 ms) at—70 mV, although the former hadrise times and decay time constants for EPSCs at the depolar-

largerrs at positive holding potentials compared with the lattézed holding potentials were similar to those at hyperpolarized

(9.8 0.9 msvs. 7.2t 0.5 ms,P < 0.05). These data suggestevels, and all responses could be completely blocked by

that the postsynaptic properties of AMPAR-mediated EPS@greasing the concentration of NBQX to 1M in the per-

are common to all synapses of layer V pyramids. fusate. By contrast;V relationships in neurons from younger
animals €P16) were inwardly rectifying (Fig. B). The rec-

Input-specific differences in the NMDA receptor-mediated fification index (RI), defined as the ratio of AMPA conduc-

component of the EPSC tances measured at40 and —70 mV, varied widely for
neurons from animals betweétl3and P15 (range, 0.3-1.6),

To determine whether the lack of input specificity observeslut on average (0.Z 0.11,n = 12) was smaller than the RI

with AMPAR-mediated responses also extended to NMDARfar the olderP16-21age group (1.2- 0.13,n = 11, range=

we compared callosal and intracortical EPSCs evoked in td&-1.8;P < 0.01; Fig. ).

same pyramidal neurons at two different holding potentials

Rectification properties of AMPAR-mediated I-Vs change
during development

using the alternate stimulation protocol described above. Fig- Al P19 A2

ure 4 shows trace averages of 10 or more consecutive re- Tnorml

sponses at-40 and—70 mV in the presence of the PTX and B oH

low-NBQX cocktail. At —70 mV, callosal and intracortical -5 a0
T T : o 60 40 -20 | o

EPSCs were indistinguishable in terms of their kinetic proper- ~—1~ 20 40 60

ties, except for differences in their latencies from stimulus ot = V command

onset. Depolarization te-40 mV reduced the amplitude of |£PA oo™ -1 (mv)

both responses, presumably as a result of reduction in the

driving force, but the intracortically evoked EPSCs decayed at

a significantly slower decay rate than the EPSCs evoked by B1 P15 B2 Lo

callosal stimulation. FigureAR shows the two responses nor- 60 1

malized and superimposed to reveal differences in their kinetic 49 .5 __. -

properties. Note that, while both EPSCs had similar rise times 50 €0 02 B

at the two holding potentials, their decay time constants4Q NBgX- L R T

mV are strikingly different. The average widths at half-maxi- 0 m_pA - - (mv)

mum amplitude for the callosal response-at0 and—40 mV 70
were 5.3+ 0.4 and 8.1+ 1.6 ms, respectively, in contrast with
6.8+ 0.7 and 22.1+ 4.6 ms for intracortical stimulatiorP(<
0.05,n = 4; Fig. 4A3). The addition of 5uM p-APV to the
perfusate blocked the slowly decaying component of the intra-
cortically evoked response at40 mV, while leaving the
rapidly decaying response unaffected (Fi®1% The scaled
traces in the presence ofAPV were now similar for both
stimulus paradigms (Fig.BR), suggesting that the differential
response was mediated by NMDARs. The widths at half-
maximum amplitude for the callosal and intracortical responses
at —70 and —40 mV were comparable in the presence of
D-APV, averaging 8.6- 1.7 and 7'9; 1.9 ms.for th.e Callo.sal Fic. 5. Age-related variations in the rectification properties of AMPAR-
and 8.9* 1.2 and 9.6+ 2.6 ms for 'mracort'cal.S.t'mUIat'On' mediatedl-Vs. A: averaged AMPAR-mediated currents (isolated in 80
respectively ¢ = 4, Fig. 483). The pathway-specific NMDAR p-APV) at the indicated holding potentials and the corresponding peak current-
i i e relationship for 19 neuron.B: data from aP15neuron showing an

s it h g desemdenne f . g A i EAC LA o

. . : Ir ampli m na v wer: rr r nction
Iylng NMDARs_or_ in the re_:latlve numbers of AMPARS Versuioeten%alpofglgsma\l/. The ha{cﬁed Iir?e ?ggrsese?]ti accl)m(ietgr‘; ret?tifi?:e:tlijor? ir?d:x.
NMDARs. Preliminary evidence suggests that the voltage d€-par piot of the averaged rectification indexes in the age groups indicated.
pendence of intracortical responses is shifted in the hyperpo+ < 0.001.

10 ms

B P13-P15
O P16-P21
T

1.04
*%

nd
wn

Rectification Index

0

Animal Age Group
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Spontaneously occurring EPSCs may be attributable to the same factors responsible for the

Given that properties of AMPA and NMDAR-mediate ge-dependent re_ctlflcanon of the gvoked AM_PAR_—mediated
EPSCs evoked in layer V pyramids may be different in ter SCs observed in the younger animals. The rse tme;sgnd
of their input specificity, we attempted to explore these rel or SEPSCs recordgd at40 mV in these amr_nals. were similar
tionships further by examining the properties spontaneoudfyth0se observed in the older age group (rise time: %852
occurring EPSCs (SEPSCs) recorded in these neurons. &g VS: 1.56= 0.3 ms,P = 0.97;7: 4.93= 0.7 ms vs. 4.24-
intracortically evoked EPSCs belong to the same heterode® ms,P = 0.44). For animals older theil5, the amplitudes
neous population of responses as the spontaneous eventsaik fise times of SEPSCs recorded 2240 mV were also
expected their functional properties to be similar. To test thg@mparable (35.4= 9.3 pA vs. 31.85+ 12.7 pA; 1.57= 0.2
hypothesis, SEPSCs recorded from neurons under identigd vs. 1.56= 0.3 ms;n = 8 and 7;P = 0.83 and 0.97,
conditions as those during intracortical or callosal stimulatiospectively), except for, which was larger at-40 mV as
were analyzed and compared at the holding potentiats4fi opposed to—40 mV (8.44= 1.0 ms vs. 4.24+ 0.6 ms;P <
mV (Fig. 6,AlandA2). Figure A1 shows examples of records0.005). Spontaneous events40 mV) could be blocked by
obtained from @19 neuron under the indicated pharmacologh\BQX (10 wM), indicating that they were mediated by
ical conditions juxtaposed with their respective averages. TAPARs.
bulk of the sEPSC population under control conditiors/Q The averaged peak amplitude of SEPSCs recordet4ét
mV, in ACSF) was almost entirely mediated by AMPARs agV in the presence ob-APV (Fig. 6B) was similar to the
the addition of NBQX to the bath blocked all events (data negllosally evoked EPSCs at the same holding potentials
shown). AMPAR-mediated responses were isolated in cocktdtiP_,o —35.4* 9.2 pAvs.—29.9* 7.3 pA; HP, ,o 31.9*
andbp-APV and could be easily identified as inward or outward2.7 pA vs. 25.9* 4.9 pA,n = 9; P > 0.5). However, while
events depending on the holding potentizld0 mV, arrow- the rise times for the evoked responses were significantly larger
heads). than those for the SEPSCs (HR: 2.2+ 0.2 ms vs. 1.6+ 0.3

We observed that the frequency of spontaneous events was HP, 4o 2.9 = 0.5 ms vs. 1.6- 0.2 ms,n = 8; P = 0.02
generally higher in older as opposed to the younger animaisid 0.04, respectively) at both holding potentials, the decay
and sEPSCs in animaR15 or younger could most often betime constants were similar (HRy 5.9+ 0.7 msvs. 4.2- 0.6
successfully detected only at40 mV but not at the depolar- ms; HP, 4o 7.4 = 0.7 ms vs. 8.4 0.9 ms,n = 8; P > 0.1).
ized holding potentiah-40 mV (Fig. 6A2). These differences Thus based on decay kinetics, callosally evoked AMPAR-

A1 40 mV +40 mV

. S ’ \/\
IO (WA § AWV Y +40 mV
P19 v 4
by ’V’WVWM.NM -4omv
Cocktail W WYY i |/ “ >
+ APV M MK/VJ\WANMM.‘
WWM oon 2 PA|

»
50ms 10ms
A2 -40 mV +40 mV
P13 “ M

Cocktail SAAMAPMI syt MLy Vol AN AN

+ APV v 4omv
Ag » 4pA
20 pA |

50ms 10ms

B 60 g evoked EPSC 4

_— [O sponianeous ~_

L9 E3

o Y

E E?

Q20 o

£ o1

m =

0 0 0
40mV +40mV 40mV  +40 mV 40 mV +40 mV

FIc. 6. Properties of spontaneously occurring EPSCqrototypic responses recordeda40 mV in aP19 neuron Al) and
a P13 neuron A2) under the indicated pharmacological conditions. Averages of the events detected (arrowheads) are presented
juxtaposed with the sweeps. Elevating NBQX in the bath ta.lDabolished all responses &l andAz2, indicating that they were
mediated by AMPA receptors (not shown). Note that spontaneous events could be detected-dbloii only in the older animal
but not in the youngerR13andA2). B: bar plots comparing amplitudes, rise times, and decay time constants of spontaneous and
evoked EPSCs at the 2 potentiats40 mV).
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mediated EPSCs were comparable to SEPSCs recorded inithéhrough somatic receptors by measuring the shift in reversal
same neurons under the identical conditions. The obseryemtential of agonist-activated currents produced by different
differences between the rise times for the evoked and sporgatracellular CA" concentrations (seeetHops). The revers
neous data might be explained in terms of differences in titde blockade of the glutamate-evoked control responses by
location of the activated synapses on the neuron and the dNBQX as shown in Fig. B confirms the activation of
ferential electrotonic filtering of callosal responses. AMPARSs. Under conditions of normal extracellularCa1.8
mM) the I-V relationship of the glutamate-evoked responses
obtained by varying the holding potential reversed close to 0
mV as expected (Fig.@1). In contrast, when the extracellular
The observation that both spontaneous and evoked AMPA&ncentration of Ca in the bath was raised to 100 mM, the
mediated EPSCs in the youngerR16) animals display sim- inward currents diminished substantially, and the reversal po-
ilar age-dependent differences in rectification compared witbntial shifted to more hyperpolarized potentials (Fig.2y,
the older animals suggests that physiological properties of tinelicating impermeability of C& through these receptors
underlying receptors at these ages might be different. Wieig. 7D). We observed this shift in reversal potential consis-
recently demonstrated that synaptic AMPARSs in the youngtantly in all of five experiments with an average shift of
animals lack the GIuR2 subunit thereby affecting linearity of61.9 = 1.9 mV, which corresponds to a calculated®C#o
their I-V relationships and making them permeable to divaleNa"/Cs" permeability ratio of 0.04 estimated using the Gold
cations, most notably Ga (Kumar et al. 2001). However, aman-Katz equation (Jonas and Sakmann 1992; Lewis 1979;
variety of experimental data, including that derived from outMayer and Westbrook 1987). This contrasts with the higher
side-out patches, has suggested that Geermeable AMPARs permeability ratio estimated from synaptic response®, (Ku-
lacking GIuR2 are expressed predominantly by GABA-ergimar et al. 2001) but is consistent with anatomical observations
interneurons but not principal cells (Geiger et al. 1995; Jon&Sarder 1997; Lerma et al. 1994; Yin et al. 1999) and suggests
and Burnashev 1995; Jonas et al. 1994; McBain and Dinglghenotypic differences between the subunit composition of
dine 1993; Washburn et al. 1997; Yin et al. 1999). The resukdMPARSs located at the soma and the synapse.
with synaptic AMPA responses reported here suggest the al-
ternate possibility that synaptic AMPARs may be functionallpgired stimuli
distinct from those located on the soma. To test this hypothesis,
we used outside-out patches excised from the somas of pyraPaired stimuli applied to the callosum at a frequency of 0.2
midal cells in young animals to directly assay’Cgermeabdl kHz were used to evoke dual responses in the layer V pyra-

Somatic versus synaptic receptors

10% NRR
e )
A2
FIG. 7. Outside-out patches from young animals
(<P16) contain AMPARSs that are impermeable to
C&™". AL schematic of the experimental arrangement
showing the position of the patch pipette with respect to
application pipette (theta-tube) mounted on a piezo
device and the liquid filament generated due to the flow
‘ of normal rat Ringer (NRR) and 10% NRR through the
100 pA barrels of the theta tube, respective2: change in
junction potential recorded by a rapid step movement
1ms of the theta-tube such that the liquid filament crossed
B the tip patch pipette for the duration desired, typically
WASH 1 ms. Note that the early response represents a biphasic

I‘l artifact, resulting from the charging of the piezo device,
followed by the pulse response with a short rise time
and~1 ms in duration resulting from change of solu-
tions (NRR— 10% NRR, bar).B: typical responses
recorded from patches during brief applications (1 ms)
of glutamate (30uM) under the indicated conditions.
NBQX reversibly antagonizes the responsé4. and
C2: averages of agonist-evoked currents generated at
various holding potentials between90 and+50 mV
with 1.8 mM C&* in the bath C1), and following
elevation to 100 mMC2). Responses i@l andC2are
from different patches taken from the same neuron.
Note the reduction in inward currents and the leftward
shift in the reversal potential of the corresponding
relationship (arrows iD). Physiological responses re-
sulting from a 1-ms exposure of patches to glutamate in
C1 and C2 immediately follow termination of the pi-
Ep -5 mV ezo-charging artifact (arrows).

100 ca®* 69
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A1 P15 A2 P19
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Fic. 8. Conversion of paired-pulse depression to facilitation
suggests alterations in presynaptic release properties and/or
properties of postsynaptic receptors at a maturing synayke.
and A2 paired stimuli separated by 50 ms used to estimate
B 1817 paired-pulse depression (PPD) and/or facilitation (PPF) in ani-
O mals in the range oP13-P20 PPD/F are estimated using the
relationship [(response 2 response 1)/response 1]. Traces are
o PPF averages of-20 responses, and the scatter pldBimdicates the
1.4 1 o ©O A % change in the 2nd response compared with 1st as a function of
o) e} o e postnatal age. One-way repeated measures ANOVA indicates
—~8 8 statistically significant differences in the paired-pulse ratios with
o O 8 developmentR < 0.05).
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midal neurons with the aim of assaying presynaptic releatfat changes in paired-pulse ratio may depend on the choice of
properties at the callosal synapse. We found that the respotiseinterstimulus interval (Thomson and West 1993), the tran-
characteristics to this stimulation paradigm were again depeition from mainly PPD in the young animals to PPF in the
dent on animal age such that anim&&5 or younger were older age group suggests that the presynaptic release properties
dominated by paired-pulse depression (PPD), while animafscallosal synapse may vary during development. However,
older than P15 generally showed paired-pulse facilitatiorPur data do not preclude the possibility of an entirely postsyn-
(PPF; Fig. 8). The paired-pulse ratio (PPR), defined as the rafefically mediated change, for example through an alteration of
of the second response divided by the first, averaged ®.89the desensitization properties (Pelletier and Hablitz 1994; Ro-
0.04 (1 = 22) for animals betwee®13 and P15 and was 29V and Burnashev 1999) of the underlying receptors, or a

significantly smaller than the averaged PPR for the oRIES combination of the two possibilities (Thomson et al. 1993).
throughP20animals 1.22+ 0.05 f = 16,P < 0.0001 t-test).

Figure 8,A1 andA2, shows representative trace averages of 20 scyssion

or more consecutive responses from animals in the age groups

P15andP19 The scatter diagram in FigB3shows the PPR as  Reductionist models of cortical function are necessitated in
a function of animal age. Thus while the second response ipart by the complexity of underlying neural circuitry. In this
P13 animal was depressed by 204 10.8% 6 = 4) when report we have attempted to investigate whether the e-e con-
compared with the first, the equivalent response iP1® nections of the corpus callosum can serve as a model system
animal was facilitated by 28.4 11.9% 6 = 5). As shown on for the study of intracortical (cortico-cortical) excitability. De-
the plot in Fig. 8, the transition in the response characteristicspite the fact that the corpus callosum has been a very well
of layer V pyramidal neurons to paired stimuli from PPD tstudied structure anatomically (Innocenti 1986; Pandya and
PPF can be estimated from the point of intersection betwe8gltzer 1986), the functional and physiologic properties of
the linear best fit of the combined data (dottBds 0.56,n = callosal projections have remained poorly characterized. Pre-
38) and the 0% change reference (stippled line). Changesviaus electrophysiological studies have been necessarily in-
PPR are usually taken as indicators of alterations in presynapimplete due in part to the nonavailability of modern tech-
release properties (Dobrunz and Stevens 1997; Goda amgues in the past as well as due to the difficulty of preserving
Stevens 1998) with PPD and PPF designating synapses viittia-hemispheric callosal connectivity in an in vitro slice
high and low probability of transmitter release, respectivelyreparation owing to the curvature of the callosum. Further-
(reviewed in Thomson 2000). Despite the use of a fixed stimiore, the study of pure excitatory responses in isolation has
ulus frequency in the above experiments and the possibiligmained a challenge due to the complications of hyperexcit-
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ability that results from the complete blockade of inhibition irareas of the neocortex (389 21.2 pA at—60 to —70 mV)
the tissue (Avoli et al. 1997; Sutor and Luhmann 1998). O(Burgard and Hablitz 1993). Furthermore, the peak amplitudes
goal was thus to overcome these difficulties to allow an objeaf callosally evoked EPSCs were similar to spontaneous
tive assessment and characterization of the basic biophysEE&ISCs recorded at the same holding potentia®d(mV). The
properties of callosally mediated synaptic currents and to coabove comparison suggests that the amplitude of the callosal
pare these with other noncallosal excitatory inputs to validatesponse most likely represents a quantal response despite the
the use of the callosal model for the study of excitatorgossible effects of dendritic filtering on either the amplitudes of
cortico-cortical connections in the neocortex. the EPSCs or their kinetics. For example, the relatively slow
In a previous study Kawaguchi (1992) reported that trangse times for the AMPA-mediated responses in the present
callosal potentials in layer V pyramidal neurons were mediatstudy are probably due to the remote electrotonic location of
by an early excitatory postsynaptic potential (EPSP) followdte synapses on distal dendritic spines (Geiger et al. 1997,
by a dual component inhibitory postsynaptic potential (IPSPestrin 1997; Zhou and Hablitz 1997). In rabbits, sectioning
that most likely involved the activation of GABA-ergicthe corpus callosum at birth led to the loss of dendritic spines
(GABA, and GABAg) interneurons. GABA-mediated +e that were restricted to the oblique branches of the apical
sponses were pharmacologically blocked in the present studgndrites of pyramidal cells in the adult animals, suggesting a
Some neurons recorded in a previous study in the posteriistinct anatomical locus for the bulk of the callosal input onto
cingulate cortex showed significant hyperpolarizing afterpthese neurons (Globus and Scheibel 1967). These synapses
tentials usually followed synaptically evoked spikes and revere localized to the deep layer Il and IV approximately
quired a much stronger stimulation of the callosum (Vogt arD0—-250um from the cell soma with an estimated passive
Gorman 1982). Similar observations by Thomson (1986) sugttenuation factor of-20% (Hausser and Roth 1997). Further-
gest that, at lower stimulus intensities, EPSPs can be evokadre, spontaneous EPSCs were routinely obtained with rise
alone without the manifestation of an accompanying IPS#mnes of <1 ms, indicating that the clamp-response time was
Furthermore, while the earlier studies (Kawaguchi 1992dequate to obtain such measurements. Slow rise times and
Thomson 1986) were successful in demonstrating@katano- decay time constants have also been reported for synapses in
7-nitroquinoxaline-2,3-dione (CNQX; a non-NMDAR antagothe hippocampus (Hestrin et al. 1990; Jonas and Sakmann
nist) blocked all transcallosal potentials, icaling the direct 1992; Keller et al. 1991), and measurements of these parame-
involvement of AMPARSs, evidence for NMDAR has beeners for the callosal EPSCs were comparable with those re-
particularly lacking. The NMDAR antagonistAPV did not ported for CAl cell-synapses (rise time: 1.1-4.2 ms4—8
produce consistent changes in any of the synaptic potentiaiss) in particular, given the considerable variability between
and it required prolonged incubations of the preparation @ells in different areas of the hippocampus.
Mg?"-free solution to reveal the late depolarizing component The input specificity of various connections onto the pyra-
of the transcallosal response that is typical of NMDARs. Thusjidal neurons is determined in part by the differences in the
based on electrophysiological criteria alone, it was not possilfierctional properties of the underlying receptors at these syn-
to determine whether NMDARs of layer V neurons werapses. The AMPA components of callosally evoked EPSCs
activated monosynaptically by callosal fibers or indirectlywere similar in their kinetic properties to EPSCs evoked fol-
through other cortical neurons (Conti and Manzoni 1994lpwing the activation of local excitatory inputs. These data
Interestingly, intracortical (IC), as well as thalamocorticalaken together with the observation that the former also could
(TC), pathways were found to utilize both NMDA and nonnot be distinguished from sEPSCs recorded in the same neu-
NMDA receptors in adult animals (Gil and Amitai 1996). One@ons suggests that synaptic AMPARs on layer V pyramidal
likely explanation put forward by Kawaguchi why even strongeurons are functionally similar. However, the failure to detect
depolarization could not demonstrate an NMDAR componeAMPAR-mediated SEPSCs at depolarized holding potentials in
to callosally induced EPSPs was that the large IPSP causlee young €P16) animals cannot be explained by the lower
simultaneously by strong callosal stimulation prevented suffiverall frequency of spontaneous events in this age group
cient depolarization at the EPSC-generating sites to reveal #iene, and suggest other possibilities related to developmental
voltage-dependent NMDAR-mediated EPSP. While this poshanges in receptor function such as inward rectification of
sibility cannot be ruled out in the present study, as inhibition synaptic currents also observed in this study for the evoked
the tissue was blocked entirely, depolarization of the neuroesponses. In comparison, differences between callosal and
almost invariably brought out a late slowly decaying comparoncallosal synaptic inputs appear to be more clear-cut with
nent that was blocked by-APV (e.g., Fig. &). Thus callosal respect to the NMDA component, although it is necessary to
responses clearly have an NMDA component in layer V pyraxamine whether these differences are also manifest through-
midal neurons. out the various stages of early development as NMDARs may
The minimal stimulation paradigm used for evoking singlebe subject to age-dependent alterations of their kinetic proper-
fiber—mediated responses most likely activates both ortho- aieb (Hestrin 1992). Alternatively, differences in NMDAR ac-
antidromic callosal fibers, each of which would in turn activativation for the two types of excitatory connections may result
monsynaptic excitatory connections onto the postsynaptiom unique receptor subunit compositions and impart to the
layer V pyramidal neuron. Hence this model consists of actieuron the ability to distinguish the long-range callosal pro-
vation of a well-defined, relatively homogeneous population @#ctions from the shorter ranged inputs arising locally
intracortical excitatory connections. The averaged peak amgBurkhalter and Charles 1990; Johnson et al. 1996). Voltage-
tude of the callosally evoked monosynaptic EPSC was largggpendent differences in various types of NMDARs have also
than expected (56.5 5 pA, —70 mV) but comparable with been previously reported for the robust TC and recurrent ex-
unitary evoked EPSCs measured in pyramidal cells in othd@tatory connections in spiny stellate neurons of layer IV in
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mouse barrel cortex (Feldmeyer et al. 1999; Fleidervish et BURkHALTER A AND CHARLES V. Organization of local axon collaterals of
1998). Pathway-specific differences can manifest not Oniyefferent projection neurons in rat visual cortdxComp NeuroB02: 920—

. . . 4, 1990.
through synaptic receptors but also via the presynaptic elemeft o\ Immunocytochemical characterization of AMPA-selective gluta-

as is the case with TC synapses, which have more release Sit@gte receptor subunits: laminar and compartmental distribution in macaque
and a higher mean release probability than IC synapses and aseiate cortexJ Neuroscil7: 3352—3363, 1997.
differentially sensitive to presynaptic neuromodulators (Gil &oLQUHOUND, Jonas P, AND SakMANN B. Action of brief pulses of glutamate
al. 1997, 1999). on AMPA/kainate receptors in patches from different neurons of rat hip-
’ . . . ocampal slices) Physiol (Londy¥58: 261-287, 1992.

Developmental altergtlons m, postsynaptic rece_ptors MBY¥\1i F anD Manzoni T. The neurotransmitters and postsynaptic actions of
also change the dynamic properties of the synapse in a way thakiiosally projecting neurongehav Brain Re$4: 37-53, 1994.
is normally associated with presynaptic function. For exampleyLL-Canoy SG, Howe JR, anp Ocben DC. Noise and single channels
changes in paired-pulse ratios (e.g., Fig. 8) may result fromactivated by excitatory amino acids in rat cerebellar granule neurons

alterations in AMPAR subunit composition (Rozov and Bur- 2 Physiol (Lond)00: 189-222, 1988. N N

h 1999) Reves and Sakmann (1999) found that in %OBRUNZ LE AND ST;VENS CF. Heterogeneity of release probability, facilita-
nashev : y ) o fon, and depression at central synap$ésuron18: 995-1008, 1997.
young cortex, the degree of synaptic depression in connecteicLas RJ, KocH C, MaHowaLd M, MARTIN KAC, AND SUAREZ HH.
layer V pyramidal neurons was determined by whether theRecurrent excitation in neocortical circuiScience269: 981-985, 1995.
presynaptic cell was in layer 1I/1ll or V and that maturation ofeLPMEYER D, EGGER V, LUBKE J, AND SakMANN B. Reliable synaptic con-
the cortex switched the depression of unitary EPSPs to faciljnections between pairs of excitatory layer 4 neurones within a single ‘barrel

tation (betweerP14 and P28) thereby eliminating the Iayer- of developing rat somatosensory cortdxPhysiol (Lond)521: 169-190,
! 999

specific d!fferences' The devglopmental Cha”ges n palerIDERVISH IA, BinsHTOK AM, AnD GuTtnick MJ. Functionally distinct
pulse ratio reported here indicate the existence of anmDA receptors mediate horizontal connectivity within layer 4 of mouse
developmental program that alters the pre- and/or postsynaptigarrel cortexNeuron21: 1055-1065, 1998.

properties of the synapse by either modifying the pattern @fzzanica MS, Rsse GL, SPRINGER SP, @ARK DE, AND WiLsoN DH.
transmitter release and/or Changing the response properties Bgychologic and neurologic consequences of partial and complete cerebral

; ; ; commissurotomyNeurology25: 10-15, 1975.
the postsynaptic element through alterations in receptor furEEiGER JR, LuBKE }]/ RoTH AgyFROTSCHERM AND JoNAs P. Submillisecond

tion. Whether these changes, which U|t|mate|y lead to alter'AMPA receptor—-mediated signaling at a principal neuron-interneuron syn-

ations in synaptic efficacy, are associated solely with synapsgpse Neuron18: 1009-1023, 1997.

maturation or can also be modulated by afferent activity resicer JR, MeLcHER T, Ko DS, S\kMANN B, SEEBURG PH, JbNAS P, AND
mains to be determined. Finally, the age-specific changes obvionver H. Relative abundance of subunit mRNAs determines gating and
served in the present study add another degree of complexity '[_6512+ permeability of AMPA receptors in principal neurons and interneurons
the analysis of intracortical responses and urge the need fdP "3t CNS.Neuron15: 193-204, 1995.

X : . . . . IL Z AND AMITAI Y. Adult thalamocortical transmission involves both NMDA
caution in the interpretation of data from animals at differen and non-NMDA receptors) Neurophysiol76: 25472554, 1996.

stages of development. Further, it is important to note thg{ 7, connors BW, ano Awirai Y. Differential regulation of neocortical
properties of somatic receptors may be distinct from those atynapses by neuromodulators and actiitguron19: 679686, 1997.

the synapse. Thus data from outside-out patches in this st@lyz, Connors BW, ano AmiTal Y. Efficacy of thalamocortical and intra-
and previous analysis at the synaptic level (Kumar et al. zoolyortical synaptic connections: quanta, innervation, and reliabiNguron
demonstrate that somatic AMPARs, which are predominant]y23: 385-397, 1999. o _ _
extrasynaptic on pyramidal neurons. differ physiologicall LoBUS A AND ScHEIBEL AB. Synaptic loci on parietal cortical neurons;

h . b iivd . 5tiirminations of corpus callosum fibeSciencel56: 1127-1129, 1967.
from receptors at the synapse. It remains to be fully determinggi,, v axo Srevens CF. Readily releasable pool size changes associated

how this rich diversity of excitatory synaptic connections is with long-term depressiorProc Natl Acad Sci USAS5: 1283-1288, 1998.
exploited by individual pyramidal neurons during normal new#amiLL OP, MarTY A, NEHER E, SAKMANN B, AND SIGWORTH FJ. Improved
ronal development and signal processing. patch-clamp techniques for high-resolution current recording from cells and
cell-free membrane patchegflugers Arch391: 85-100, 1981.
HausserM AND RoTH A. Estimating the time course of the excitatory synaptic
This study was supported by National Institute of Neurological Disorders conductance in neocortical pyramidal cells using a novel voltage jump
and Stroke Grant NS-12151 and by an Epilepsy Foundation/American Epi-method.J Neuroscil7: 76067625, 1997.
|epsy Society research training feiiowsi'“p to S. S. Kumar. HesTRIN S. Developmental regulation of NMDA receptor—-mediated synaptic
currents at a central synaps¢ature 357: 686—-689, 1992.
HesTrIN S. Different glutamate receptor channels mediate fast excitatory
REFERENCES synaptic currents in inhibitory and excitatory cortical neurddsuron11:
1083-1091, 1997.
Akers RM anD KiLLackey HP. Organization of corticocortical connections inHESTRINS, NcoLL RA, PERKEL DJ,AND SaH P. Analysis of excitatory synaptic
the parietal cortex of the raf. Comp Neurofl81: 513-538, 1978. action in pyramidal cells using whole-cell recording from rat hippocampal
AramM JA AND LobGE D. Validation of a neocortical slice preparation for the slices.J Physiol (Lond)422: 203—-225, 1990.
study of epileptoform activityJ Neurosci Method23: 211-224, 1988. INNOCENTI GM. Cerebral CortexNew York: Plenum, 1986, p. 291-335.
AvoLl M, Hwa G, LouveL J, Kurcewicz |, PumaIN R, AND LAcaiLLE JC. lvy GO anp Kitackey HP. The ontogeny of the distribution of callosal
Functional and pharmacological properties of GABA-mediated inhibition in projection neurons in the rat parietal cortdxComp Neuroll95: 367—-389,
the human neocortexcan J Physiol Pharmacol5: 526-534, 1997. 1981.
BENKE TA, LUTHI A, IsaAc TR, AND COLLINGRIDGE GL. Modulation of AMPA  JacoBsoN S. Intralaminar, interlaminar, callosal and thalamocortical connec-
receptor unitary conductance by synaptic activiature 393: 793-797, tions in frontal and parietal areas of the albino rat cerebral codt&omp

1998. Neurol 124: 131-146, 1965.

BRAITENBERG V AND ScHUz A. Anatomy of the CortexBerlin: Springer- JacoBsoN S AND TrRoianowskiJQ. The cells of origin of the corpus callosum
Verlag, 1991. in rat, cat and rhesus monkegrain Res74: 149-155, 1974.

BurcarRD EC AND HaBLiTz JJ. NMDA receptor-mediated components ofloHNSONRR, JANG X, AND BURKHALTER A. Regional and laminar differences
miniature excitatory synaptic currents in developing rat neocodéxeu- in synaptic localization of NMDA receptor subunit NR1 splice variants in
rophysiol 70: 1841-1852, 1993. rat visual cortex and hippocampusComp NeuroB68: 335-355, 1996.

J Neurophysiof vOL 86 « DECEMBER 2001 WWW.jn.org



PROPERTIES OF CALLOSAL EXCITATORY SYNAPSES 2985

JoNas P AND BurNAsHEV N. Molecular mechanisms controlling calcium entryPanbyAa DN AND SELTZER B. Two Hemispheres—One Brain: Functions of the
through AMPA-type glutamate receptor channédeuron 15: 987-990, Corpus CallosumNew York: Liss, 1986, p. 47-73.
1995. Paxinos G AND WATsoN C. The Rat Brain in Stereotaxic Coordinatéand
Jonas P, Racca C, SakMANN B, SeeBURG PH, AND MoNYER H. Differences in ed.). San Diego, CA: Academic, 1986.
calcium permeability of AMPA-type glutamate receptor channels in ne@g| etier MR anp HasLitz JJ. Altered desensitization produces enhancement
cortical neurons caused by differential GIuR-B subunit expresdearon of EPSPs in neocortical neurorsNeurophysiol72; 1032-1036, 1994,

12: 1281-1289, 1994. o ReevesAG anp O’LearY PM. Epilepsy and the Corpus Callosuidew York:
JonAs P AND SakmANN B. Glutamate receptor channels in isolated patches Plenum, 1985, p. 269—280

from CA1 and CA3 pyramidal cells of rat hippocampal slicésPhysiol
(Lond) 455: 143-171, 1992.

KawacucH! Y. Receptor subtypes involved in callosally-induced postsynaptic o
potentials in rat frontal cortex in vitrd&Exp Brain Res38: 33—-40, 1992. rat neocortex.J Neuroscilo: 3827._3835' 1999. A .
KELLER BU, KONNERTH A, AND YAARI Y. Patch clamp analysis of excitatory Rozov A AND BURNASHEV N. Polyamlr_le-dependent famllt_atlon of postsynaptic
synaptic currents in granule cells of rat hippocampuBhysiol (Londy35: AMPA receptors counteracts paired-pulse depressiature 401: 594—

275-293, 1991. 598, 1999. _
Kiop FL anp Isaac TR. Developmental and activity-dependent regulation oPUTOR B AND LuHMANN HJ. Involvement of GABA(B) receptors in convul-
kainate receptors at thalamocortical synapbksure400: 569-573, 1999.  sant-induced epileptiform activity in rat neocortex in viteur J Neurosci

ReYEs A AND SakmANN B. Developmental switch in the short-term modifica-
tion of unitary EPSPs evoked in layer 2/3 and layer 5 pyramidal neurons of

KisvarDAY ZF, MARTIN KAC, FREUND TF, MAGLOCZKY Z, WHITTERIDGE D, 10: 3417-3427, 1998.
AND Somogy! P. Synaptic targets of HRP-filled layer Ill pyramidal cells inSwann JW, SuitH KL, BrADY RJ, AND PIERSON MG. Epilepsy: Models,
the cat striate corteXexp Brain Res64: 541-552, 1986. Mechanisms, and ConceptSambridge, UK: Cambridge Univ. Press, 1993.

KumArR SS, Baccl A, KHARAZIA V, AND HUGUENARD JR. Influx of calcium THomsonN AM. A magnesium-sensitive post-synaptic potential in rat cerebral
through synaptic AMPA receptors in rat pyramidal neurons is developmen-cortex resembles neuronal responseld-toethylaspartatel Physiol (Lond)

tally regulated (Abstract)Soc Neurosciln press. 370: 531-549, 1986.

KumarR SS anD HucuENARD JR. Functional properties of cortico-cortical THomson AM. Facilitation, augmentation and potentiation at central synapses.
synapses in the callosal mod&pilepsia40: 10—-11, 1999. Trends Neurosc23: 305-312, 2000.

LamBerT NA anp WiLsoN AW. Heterogeneity in presynaptic regulation of THomson AM, DEeucHARs J, AND WEST DC. Large, deep layer pyramid-
GABA release from hippocampal inhibitory neuroréeuron 11: 1057— pyramid single axon EPSPs in slices of rat motor cortex display paired pulse
1067, 1993. and frequency-dependent depression, mediated presynaptically and self-

LErRMA J, MorALES M, IBARz JM, AND SomoHANO F. Rectification properties  facilitation, mediated postsynapticallyl Neurophysiol 70: 2354-2369,
and C&" permeability of glutamate receptor channels in hippocampal cells. 1993.

Eur J Neuroscié: 1080-1088, 1994. THomsoN AM anp WEST DC. Fluctuations in pyramid-pyramid excitatory

Lewis CA. lon-concentration dependence of the reversal potential and singlgpostsynaptic potentials modified by presynaptic firing pattern and postsyn-
channel conductance of ion channels at the frog neuromuscular junctionaptic membrane potential using paired intracellular recordings in rat neo-
J Physiol (Lond)286: 417—-445, 1979. cortex.Neurosciencé4: 329-346, 1993.

LunMANN HJ AND PrINCE DA. Transient expression of polysynaptic NMDA TrRAYNELIS SF, SLVER RA, AnD CuLL-Canbpy SG. Estimated conductance of
receptor-mediated activity during neocortical developmélgurosci Lett glutamate receptor channels activated during EPSCs at the cerebellar mossy
111: 109-115, 1990. fiber-granule cell synaps&leuronl1l: 279-289, 1993.

MARKRAM H, LUBKE J, FROTSCHERM, ROTH A, AND SAKMANN B. Physiology VoGt BA anD GorRMAN ALF. Responses of cortical neurons to stimulation of
and anatomy of synaptic connections between thick tufted pyramidal neucorpus callosum in vitroJ Neurophysiol8: 1257-1273, 1982.
rones in the developing neocortekPhysiol (Lond)500: 409-440, 1997. WAsSHBURN MS, NUMBERGER M, ZHANG S, AND DINGLEDINE R. Differential

MAYER ML AND WEsTBROOK GL. Permeation and block oN-methylp- dependence on GIuR2 expression of three characteristic features of AMPA
aspartic acid receptor channels by divalent cations in mouse cultured centrakceptorsJ Neuroscil7: 9393-9406, 1997.
neuronesJ Physiol (Lond)394: 501-527, 1987. WiLsoN DH, CuLver C, WADDINGTON M, AND GAzzANIGA M. Disconnection
McBaiN CJAND DINGLEDINE R. Heterogeneity of synaptic glutamate receptors of the cerebral hemispheres: an alternative to hemispherectomy for control
on CA3 stratum radiatum interneurones of rat hippocamgu®hysiol of intractable seizuredNeurology25: 1149-1153, 1975.
(Lond) 462: 373-392, 1993. Wise SP anD JoNEs EG. The organization and postnatal development of the

McGuIRe BA, HornunGg JP, GLBERT CD, AnD WieseL TN. Patterns of commissural projection of the rat somatic sensory corde€omp Neurol
synaptic input to layer 4 of cat striate cortek.Neurosci4: 3021-3033, 168: 313-344, 1976.

1984. YIN HZ, Sensi SL, CarriEDO SG, aND WEISs JH. Dendritic localization of
MosHE SL, ALBaLA BJ, AckerMANN RF, AND ENGEL J R. Increased seizure  Ca&* permeable AMPA/Kainate channels in hippocampal pyramidat neu
susceptibility of the immature braiev Brain Res/: 81-85, 1983. rons.J Comp Neuro#09: 250-260, 1999.

OLavARRIA J AND VAN SLuYTERs RC. Axons from restricted regions of the ZHou F-M anbp HasLitz JJ. Rapid kinetics and inward rectification of minia-
cortex pass through restricted portions of the corpus callosum in adult andure EPSCs in layer | neurons of rat neocorté&Neurophysiol77: 2416—
neonatal ratsBrain Res390: 309-313, 1986. 2426, 1997.

J Neurophysiof voL 86 « DECEMBER 2001 WWW.jn.org



