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Weisskopf, Marc G. and Joseph E. LeDoux. Distinct populations  sites were based on the results of tract tracing studies that s

of NMDA receptors at subcortical and cortical inputs to principal celighe trajectory of fibers from the auditory thalamus and cortex

conditioning involves the transmission of sensory stimuli to the amy ally, thalamic fibers enter LA medially from the intern
dala from the thalamus and cortex. These input synapses are pricy ’
candidates for sites of plasticity critical to the learning in fear cond

tioning. BecauseN-methylo-aspartate (NMDA)-dependent mecha.capsule. By placing stimulating electrodes in the external c

nisms have been implicated in fear learning, we investigated tAl€ and in the striatum just medial to the internal capsule
contribution of NMDA receptors to synaptic transmission at putatiiélSt dorsal to the central nucleus of the amygdala, we targg
cortical and thalamic inputs using visualized whole cell recording e path of fibers originating in the auditory cortex and thal
amygdala brain slices. Whereas NMDA receptors are present at bmhis, respectively. We cannot rule out a contribution of ot
of these pathways, differences were observed. Firstathenino-3-  fibers in these stimulation sites. However, findings to be ¢
hydroxy-5-methyl-4-isoxazolepropionic acid-receptor-mediated cogeribed regarding the contribution of NMDA receptors to trar
ponent of the synaptic response, relative to the NMDA component,i§ssion in the two pathways are consistent with in vivo resy
smaller at thalamic than cortical input synapses. Second, thalargigseq on directly stimulating the auditory cortex and auditg
NMDA responses are more sensitive to Mg These findings SUQQGSttQaIamus. In this paper, we therefore refer to the medial 4

that there are distinct populations of NMDA receptors at cortical ag | stimulati ites in t f thalami d tical aff
thalamic inputs to the lateral amygdala. Differences such as th @Eera stimulation sites in terms ot thalamic and corlical alie

might underlie unique contributions of the two pathways to fedt Pathways.
conditioning.

METHODS

INTRODUCTION Male Sprague-Dawley rats (3—5 wk) were anesthetized with h3

) ) thane, and the brains were removed and transferred to ice

The amygdala is an essential component of the neural sygificial cerebrospinal fluid (ACSF). The ACSF contained (in mM
tem involved in fear conditioning (Davis 1992; Kapp et al119 NaCl, 2.5 KCI, 1 MgS@ 2 CaCl, 26 NaHCQ, 1 NaH,PQ,, 5
1992; LeDoux 1995; Maren and Fanselow 1996). During fefactic acid, and 10 glucose and was equilibrated with 95%6%
learning, the acoustic conditioned stimulus (CS) reaches tG@.. Unless otherwise noted, either 10/ picrotoxin or 30 uM
amygdala by way of inputs from both the auditory thalamugcuculline was added to the ACSF. Coronal slices (4@4), includ-

and cortex (LeDoux et al. 1990a,b, 1991; Romanski and Livg the amygdala, were cut, and the cortex overlying the amygdalal

; ay with a scalpel to avoid cortical epileptic burst discharges. Sli
Doux 1993). These two pathways converge onto single cellsa}\g’re placed in a holding chamber at 32--34°C for 0.5 h and the

the lateral nucleus of the amygdala (LA) (Li et ".’ll'. 1996b)’ ar&éom temperature for at least another 0.5 h before recording.

the Synapses formed by these .un_dergo plasticity during _f%léording, slices were transferred to a superfusion (1.5-2.5 ml/
conditioning (McKernan and Shinnick-Gallagher 1997; Quirffo\, rate) chamber (Warner Instruments) at room temperature

et al. 1995; Rogan et al. 1997). Much of what we know abogfapilized beneath a nylon net stretched over platinum wire.

synaptic processes in these pathways has been obtained fronpiiyht microscope equipped with infrared differential interferen
vivo recording studies (e.g., Clugnet and LeDoux 1990; Clugentrast optics (IR-DIC, Olympus) was used to visualize cells. VO
net et al. 1990; Li et al. 1995, 1996a,b). However, in vivege-clamp electrodes were filled with (in mM) 140 Cs-gluconate,
recordings are limited in the detail with which they can chafes-N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPE
acterize synaptic transmission, and there are obvious advérg- ethylene glycol-bigtaminoethyl etherN.N,N',N"-tetraacetic
tages to pursuing such issues using an in vitro brain sligﬁ'd (EGTA), 2 Mg-ATP, 0.3 NaGTP, 8 NaCl, and 0.25-0.5%

preparation. __filled with (in mM) 130 K-gluconate, 0.6 EGTA, 2 MgGI5 KCl, 10
In thg present stgdy, we .perfqrmed yvhgle cell recordmg;;EPES, 2 Mg-ATP, 0.3 NaGTP, and 0.25-0.5% biocytin (pH 7.3
from principal cells in LA using differential interference con290-300 mOsm). Membrane potentials recorded with voltage-cla
trast (DIC) optics to visualize the cells. The transmissioghd current-clamp solutions were adjusted for 15- and 12-mV junct
properties of LA synapses activated by stimulation of twpotentials, respectively. Electrodes had resistances of 498 M
pathways that carry signals to LA were compared. StimulationBipolar stainless steel stimulating electrodes (Frederick Haer) w
placed in such a way as to stimulate thalamic and cortical inputs to
The costs of publication of this article were defrayed in part by the paymekftig- 1A). Recordings were made using an AxoClamp 2B amplif
of page charges. The article must therefore be hereby magdtttisement” (Axon Instruments). Signals were filtered at 3 kHz and digitized a
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. = kHz with a National Instruments A/D board. Data were stored &
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‘f)sule, whereas cortical fibers enter laterally from the external

e

1ocytin (pH 7.3, 290-300 mOsm). Current-clamp electrodes weg
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A B ] the amygdala (Paré et al. 1995; Rainnie et al. 1993; Washiurn
\ and Moises 1992). The average resting membrane pote
input resistance, and membrane time constant of the recoided
cells were—69.6 = 4.0 (SD) mV, 220+ 80.9 (SD) M}, and
36.4* 10.0 (SD) ms, respectively. At negative holding potep-
tials in the absence of-aminobutyric acid-A (GABA) an-
tagonists, stimulation of either the thalamic or cortical input
induced an inward postsynaptic current in isolation or
inward current followed by a slower outward current.
example is illustrated in Fig.l, where holding at a series o
negative potentials showed that the outward current reversgd a
—61.7 mV, close to the chloride reversal potential, whereas the
C D A reversal for the inward current was near O, typical of
o excitatory synaptic current.
The non-NMDA [e-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA)] receptor antagonist CNQX (1J0
swomy M) significantly reduced synaptic potentials recorded in cyr-
20mv__ 50pA |__ = rent-clamp mode at resting membrane potentials and bejqw
200 ms 40ms 8 -50 elicited by stimulation of either thalamic or cortical fibers (Fi
Fic. 1. Recordings in lateral nucleus of the amygdala (L&)schematic of 2A). However, a residual response sometimes remained in
stimulating and recording electrode placement. Thalamic fibers are depicgrgdthways. These were blocked effectively by the NMDA
o e oot e Sul opmie . ol oy o o B Fceptor aniagonistAPY (25 uM) (Fi. 28), indiating that
confocal iZﬁ%ge ofa biocytin-filledpcell recorded in LA.pScaIé bar g LOQ. NMDA receptors can ConmbUt_e to synaptic responses in
A portion of the dendrite (*) is shown at higher magnificatimelow.Note the - @mygdala even at these negative membrane potentials as
presence of dendritic spines. Scale bar iqub0. C: response of an LA cell to has been seen by others (Danober and Pape 1998).
current_injection 0f~0.17 and+0.2 nA._ This ceII_ha_d a.resistance of 108M In Vo|tage C|amp at negative ho|d|ng potentiajs, cortical
and atime constant of 32 miS: synaptic transmission into LA in the absenceactivated currents (B 19) had a mean 10-90% rise time g
of y-aminobutyric acid-A (GABA) antagonistsLeft: responses of a neuron .
held at a series of membrane potentials betwee80 and +30 mV to 2.9+ 1.3(SD) ms and me.an decay time constant of ]ﬂ$9
stimulation of thalamic afferents are shown. Traces are averages of 10 (8D) ms. Thalamically activated currents€ 20) were similar
sponsesRight: resulting current-voltage plot from the peak of the inwand ( [10—90% rise: 3.0 1.1 (SD) ms; decay time constant: 119
and outward) current. 4.2 (SD) ms]. The current-voltageV) relation for the peak of
analyzed using software written with LabVIEW (National Instru—tf |s:1reisg(')0n i?v\,l\'/,]ai g??ﬁ;lgg?c:ri\.lgtrsg% nm<a\«/':1’rn0: mlll I(:(;S.rtl

ments). Baseline responses were monitored at 0.05 Hz. Series resj ! ;
tance was monitored throughout experiments, and if it changed - At depol'arlzed membrane pptentlals, a glower compon
>15%, the data were discarded. to the synaptic current with a region of negative slope cond
After recordings, slices were transferred to a 4% paraformaldehyi@ce between abott20 and—60 mV was seen at both inputs
solution. Biocytin-filled cells were reacted for fluorescence by rinsing-ig. 2B). The fast component of both synaptic responses
in phosphate-buffered saline (PBS) and then incubating in PBS withocked by CNQX (10uM) and the slow component by
0.2% Triton X-100 and avidin-Texas red (Vector) at 1:250#dt h  p-APV (25 uM), confirming that they were AMPA- and
at room temperature while shaking. Slices then were rinsed again WiMDA-mediated responses, respectively (Fig)3There was
PBS, mounted on slides, and coverslipped with Permafluor (Lipshaug case at either synaptic input in which an NMDA-mediat
for visualization under a fluorescent microscope. Reconstructionsr@fSponse in voltage clamp was tested for and not found (¢
some cells were done with a confocal scanning laser microscqﬁ)@al_ n = 28; thalamic:n = 29). The kinetics of NMDA

(Zeiss). S . .
Values are expressed as meanSE except where indicated. Drugs €SPONSES Were similar at cortical and thalamic synapses [

were applied by adding them to the superfusing ACSF. Drugs uség@l, n = 18: 10-90% rise, 10.7= 3.3 (SD) ms; decay

were 6-Cyano-7-nitroguinoxaline-2,3-dione (CNQX);2-amino-5- constant, 115 37 (SD) ms; thalamicp = 16: 10-90% rise,
phosphonopentanoic acid-APV), bicuculline methiodide (Research11.1 = 2.6 (SD) ms; decay constant, 12544 (SD) ms].

Biochemicals International), and picrotoxin (Sigma). Animals were To determine the relative contribution of NMDA receptols

handled in accordance with National Institutes of Health guidelineat the two synapses, we recorded both cortical and thalamic

excitatory synaptic responses onto the same cell. Cells were

RESULTS held at negative potentials to examine the AMPA compongnt,

and subsequently the NMDA component was examined in the

Our recordings targeted the larger, presumably excitatquyesence of CNQX at positive potentials in the linear portion|of

cells in LA. These cells had pyramid-like shapes, and thahie NMDA I-V curve. The ratio of these two components thin
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dendrites were covered with spines as is typical of excitatocpuld be compared at the two pathways. Because differencds ir
projection neurons in LA (Lang and Paré 1998; McDonaldlectrotonic distance of synapses from the soma can differen-|
1992; Millhouse and DeOlmos 1983; Paré et al. 1995; Rainrtially affect fast and slow currents (Spruston et al. 1993), ve
et al. 1993; Sugita et al. 1993; Washburn and Moises 199#)nimized such effects by including cesium in the patch elgc-
(Fig. 1B). Responses of LA cells to current pulses were exatmede to reduce potassium currents and increase the spacg
ined in 85 cells. These showed various degrees of spike fomnstant of the cell. The average 10-90% rise times wgre
quency adaptation (Fig.Cl), also typical of excitatory cells in 3.3 = 0.8 ms and 2.9+ 0.5 ms, and the decay times werge
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NMDA receptors expressing the NR2A or NR2B subuni

A i !
Cortical have larger single-channel conductances than receptors

1mV|_

40 ms

Thalamic

2mV|__

40 ms

Wyllie et al. 1996), and the strength of the voltage-depend
block by Mg?™ is greater at receptors with the NR2A an
NR2B subunits as well (Monyer et al. 1992, 1994). Therefo

we tested whether NMDA responses at cortical and thalamic

synapses exhibit different sensitivity to ¥g Cortical and

X

CNQX & APV
CNaX & APV cell at —45 or —55 mV in the presence of CNQX (10M).

DA Responses in control ACSF (1 mM Kig thalamic: 10.4+

B Cortical 40+

A
NMDA
+45 mV
+CNQX

Thalamic
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pressing the NR2C or NR2D subunits (Stern et al. 199

thalamic NMDA synaptic responses were recorded in the s3

3.2 pA, cortical: 13.5+ 4.7 pA) were compared with response
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FIG. 2. Cortical and thalamic synaptic responses are mediatedavyino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) ahdmethyl-p-aspartate
(NMDA) receptors.A: excitatory postsynaptic potentials (EPSPs) recorded in
normal bath solution at-73 mV are superimposed on the reduced response
remaining after additon of 10uM 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX). This remaining response is abolished by subsequent additiond¥125
D-2-amino-5-phosphonopentanoic aaeAPV; CNQX & APV, <-). B: responses
of 2 different cells to either cortical or thalamic stimulation at a series of holding
potentials from—70 to +30 mV.Right current-voltage plots from the peak of the
fast (0) and slow (measured 60 ms late);components of the responses. Traces
are averages of 10 responses.
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11.5+ 2.1 ms and 12.2- 3.0 ms for thalamic and cortical
responses, respectively. The differences between pathways
could be examined within individual cells, and they were not 0-
significant (P> 0.05, pairedt—test,n = 8), suggesting that Fie. 3 Distinct popu!ations of receptors at cortical and Fhalami_c synapg
electrotonic distances were similar. The response amplitudgstelie, B0 0 S e aras v where the.
were 39.7+ 15.6 pA and 37.1 15.1 PA and Iatt_anues to p,eakNMDA receptors are blocked by MJ. Responses after adding & CNQX
were 11.4= 0.9 ms and 10.8& 0.8 ms at thalamic and corticalto the bath are superimposed. In CNQX, the NMDA component is seen
synapses, respectively, and these too, compared within celtsging at+45 mV to relieve the Mg* block. Responses after adding 29
were not statistically differenf{>> 0.05, palred-test,n = 8). &2 & SRerReece e L aasuting i atio of AMP)
glostfal_‘lr:tchee(;I?flé?erglcaé%alvr:lsetcca?lglfj(l):tg(g rt]l’?ebXI\ﬁ giséglﬁﬁlg(:rgt?gﬁgNhaDA responsery charge transfer?The cortical AM PAg-to-NMDA ratio wg
) 4+ 22.4% greater than at thalamic synapdes<( 0.05, paired-test; O,
using the total charge transfer of the synaptic responses ifjividual expegriment resultsC: AMPA tgtalpche?:g(e trangfer (in picocou-
integrating over the excitatory postsynaptic currents (EPSCk)nbs, pC) is plotted against the NMDA charge transfer for the individy
this is less sensitive to electrotonic distance than resporfSgical @) and thalamic) cases. —, best fit to the cortical cases; - -, best
ampltude (Belders and Stevens 1996). FIQUIGATNA By oo nacaing 5 hnoes AVIA-S MO sk somic coneal ane
illustrates that the AMPA-to-NMDA ratio was SigniﬁCant'ythalamic'synaptic NMDA responses evoked in another cet4% mV in the
greater at cortical synapses than thalamic, suggesting a greprsence of 1&M CNQX. When the external Mg was switched from 1 to
relative contribution of NMDA receptors at the thalamic synd-1 mM, the cortical response increased more than the thal&@msummary
apses. However, distinct populations of NMDA receptors Wilf om 6 cells of the increase in NMDA excitatory postsynaptic current

. . .Y .. switching to 0.1 mM Mg*. For within-cell comparisons, on average th
_d'fferent conductance levels also could contribute to this fingsnical response increased 41:714.7% more than the thalami® & 0.05,
ing.

pairedt-test). All traces are averages of 10 responses.
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in 0.1 mM external M§™ (thalamic: 15.4+ 4.2 pA, cortical: at this synapse pass more current. Distinct populations| of
24.4=+ 6.0 pA; Fig. ). The increase in the NMDA responseNMDA receptors within single cells have been reported (Gat-
in 0.1 mM Mg?* compared with 1 mM M§" was significantly mann et al. 1997; Kew et al. 1998), and, indeed, in culture fhe
greater in the cortical than in the thalamic pathway, indicatingpe of presynaptic input can dictate the subunit composition
that the thalamic responses were more sensitive to blockadg@pttmann et al. 1997). It also has been shown that NMDA
Mg?* (Fig. 3D). receptors expressing both NR2A and NR2B subunits are ex-
pressed in the brain (Luo et al. 1997; Sheng et al. 1994).
However, the physiological characteristics of these receptiors
are not known, therefore it cannot be determined whether they
Although the auditory thalamus was not included within thplay a role in the differences seen in the present results.
amygdala brain slice and only the rostral-most part of the The presence of NMDA receptor transmission in both ingut
auditory cortex remained, it was possible, on the basis of trgethways to the LA studied here even at resting membrane
tracing findings (LeDoux et al. 1990b; Romanski and LeDoypotentials adds to concerns (Li et al. 1995, 1996b; Maren ef al.
1993), to stimulate regions in the slice through which thalami996) about behavioral studies showing that infusion of jan
and cortical fibers traversed. Specifically, thalamic fibers emtagonist of NMDA receptors into the lateral and basal amyg-
route to LA course medially, entering LA from the internablala interferes with the acquisition of fear conditioni
capsule, whereas cortical fibers come in laterally, descendif@@ewirtz and Davis 1997; Maren et al. 1996; Miserendino et
from the external capsule (see Fig. 1). However, these stini890). The possibility of effects on routine transmission mus,
lation sites may well have also activated other fibers, fiye considered, particularly given that APV infusion in t
example, external capsule stimulation could antidromicalpmygdala has been found to block the expression of fear (
activate collaterals of amygdalocortical projections. The faahd Kim 1998; Maren et al. 1996).
that physiological differences exist between the two implies It is intriguing to speculate that the differences seen h
that two different sets were stimulated. Furthermore, thebetween cortical and thalamic NMDA responses may lea
physiological differences are consistent with findings obtainelifferent contributions to plasticity and fear conditioning.
from in vivo studies where the electrodes actually were plac#te rodent sensory cortex, long-term potentiation (LTP) s
in the auditory thalamus and cortex (Li et al. 1996b). Theseptibility closely parallels the critical period for behaviora
data suggest that we at least in part activated thalamic amddification of the whisker representation (Crair and Malen
cortical auditory input fibers in vitro even though other fiber$995). Furthermore, the thalamocortical synapses show a
may have contributed to the responses. crease in NMDA receptor-mediated synaptic currents with g
The kinetics of the AMPA EPSCs we observed in thedbat is accompanied by a reduced capacity to generate |
putative thalamic and cortical input pathways to the amygdgl@rair and Malenka 1995). By extension, if a similar situatig
are similar to those found in the hippocampus (Hestrin et a&xists in the amygdala, the reduced NMDA-receptor-media
1990). This component did not show rectification, suggestirsgnaptic current at cortical compared with thalamic inpd
that these receptors are not permeable to calcium (Hollmanmeght suggest that the cortical input would show a less
al. 1991; Washburn et al. 1997). Although we found thatapacity for LTP than the thalamic input. This issue could
NMDA and AMPA receptors contribute to synaptic responsexidressed in LTP experiments either in vitro or in vivo.
in both pathways, the AMPA-to-NMDA ratio of EPSCs on
average was smaller at thalamic than cortical input synapseSye thank c. Farb for help with anatomic procedures and K. Nader and
The similar response kinetics in our comparison experlmergenafe for comments on the manuscript.
suggests that differences in electrotonic distance from the soméhis work was supported by National Institutes of Health Grant RO1-MH
did not contribute to the observed differences between the t#@916- M. G. Weisskopf is supported by NIH Grant F32 NS-10222.
pathways. However, the actual dendritic location of the sy TA%dr;esgog’r,\zzs\;':‘foiqﬁftlsd%ée' Weisskopf, NYU/CNS, 4 Washingtp
apses of these two pathways is not known. If differences do' = ' '
exist in synaptic location along the dendrites, this could coReceived 4 September 1998; accepted in final form 30 October 1998.
tribute in vivo to an augmentation or diminution—depending
on the direction of the difference—of the effects we report
here. The simplest explanation for these results is that th&Sg ERENCES
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