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Dendritic glutamate-induced bursting in prefrontal pyramidal 

cells：role of NMDA and non．NM DA receptors 

ZHANG Xue-Xiang，SHI Wei-Xing~ 

(Department ofPsychiatry，Yale University，School ofMedicine，New Haven CT06520，USA) 
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AⅡ讧．T0investigate whetherinthe prefrontal cortical 

(PK：)pyr锄 da1 cells，focal glutamate application to 

the apical dendrite induces bursting and whether the 

effect of glutamate involves activation of both N Ⅱ̂)̂ 

and non-NMDA recel~ors M即 H oDS：Pvramidal 

cellsinlayers V and VI ofthe H℃ 嘲 visualized in 

rat brain slices using infrared videomicroscopy and 

recordedwith whole-cell electrodes Glutamate andits 

agonistswgre focally appliedtothe apical dendrite and 

the soma using microiontophoresis． R】 Ul_TS： 

Dendriticglutemate application(0一舯 nA．10 rranol／ 

L)induced repetitive bursts ha most cells tested(12／ 

17) In the s&rne cells，somatic glutamate (5—2O 

nA，10 mmol／L)induced only ar spiking． 1he 

bt~sting effectislikelyto be direct since applications 5 

“m away 丘DTn the dendrite resulted in either a much 

reduced effect or no effect． Both CGP 378491~zmol／ 

LandNBQX 1／zmol／L reducedthe effect，suggesting 

an involvement of both Ⅱ and 11011．卜 Ⅱ)A 

receptors． However，when non-NMDA reeoptors were 

selectively activated using AMPA (2— 5o nA．10 
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mmol／L)，only regul~ spiking was observed In 

contrast，selective NMDA receptor activation(NMDA 

1 3—25 nA，100 mmol／L)mliably induced bursting． 

CONCLUSION：InⅡl0st PFC pyrami0a~cellstested， 

dendritic glutamate application induo~ repetitive 

bursting，whereas somatic glutamate applicationinduces 

only regul~ spiking Both NMDA and non—NMDA 

receptors ale activated during dendritic glmama~ 

application． However，bursting is primarily mediated 

by NMDA receptors． 

Cortical nPAn~ns ale classifiedas either vI dal 

or non．pyramida~ cellsL ． The main feature that 

distinguishes a pyrana~ cellfrom a non-pyra~ dalcell 

is the preseilCe of the apical dendrite in the former． 

Based Ol2 the electrophysiological characteristics， 

pyramidal nPAtrons can be fqlll_her divided inm reEmar 

spiking and intrinsic bursting cells -4．
． The latter 

differ from regular spikingcellsin thatthey ale capable 

offuingin burstsin responsetomembranedepe lariza- 

tion ixoduced by intracellular current injection． In 
conWast，regul~ spikingcellstim only repetitive single 

spikes． In sarne regular spikingcells．adepo larization 

stepmay evoke a singleinitial burstfollowed by regular 

spiking． Based on this classification， mo st cordcal 

pyramidal cells belong to regu~ spiking cells． 

traditional classification。however，has ~cenfly been 

challengedby Schwindt el L Intheir stediesin the 

sensofimotor cortex， nearly all cells identified as 

regular-spiking cells were able to fire repetitive bursts 

when the apical de ndrite was depolarized by focal 

glutamate application． In the same population of 

cells，somatic g|ntamate application，like inirasomatic 

current injection through tI1e recora~ electrode， 

evoked only regulai-spiking． These results suggest that 

both intrinsic burstingcells and regular spikingcells a 
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capable of bursting repetitively upon depolarization． In 

re． at spiking cells，however，repetitive bursting is 
induced by dendritic depolarization and not by somatic 

depolarization． These findings support the suggestion 

that the location of a synaptic input determines not only 

the amphtude (quantity) but also the dynamics 

(quality)of the response of the cell to the input． 

Thcsc findings also emphasize the role of the apical 

6endrite in the bm ti~ acfivity observed in regular 

spiking cells． 

The present study was designed to test fast 

whetherpyra~ dal cellsin the prefrontal con (PFC) 

also show differentrespo~ to glutamate appliedtothe 

soma andtheapical dendrite． The PFC，allimportaat 

target am  for~opamine．seromnin．and norepineplnSne 

neurons，has been suggested to play a critical mle in 

behaviors associated with cognition， motivation， and 

emotion 一 ．Evidence sugges~that PFC#tnarnatc- 

mediated neurotmnm~ssionmay be altered in disorders 

such as schizophrenia and drug addiction~ 一 
． A 

better understanding of glut8211ate ll'ansmi~oll in the 

P ma y． therefore． provide new insights into the 

pathophysiology of these disorders． Diffo'ent flxxn 

studies by Sehwindt a／ ． the present study was 

carried out on visualized cells using infrared video— 

microscopy． W1ll1 this techllique an d by applying 

glutamate more precisely to the apical dendrite of a 

recOrded cel1． the present study examined flll'~ r 

whether the response induced by dendritic IIcmlate 

involves activation of glutamate receptors on acent 

cells near the application site． More importantly， 

using subtype selective agonists and antagonists，the 

presemt study asked whether both NMDA aad lion- 

NMDA receptors play a role in dendritic glutamate- 

induced bursting． 

Preparation of slices All procedlweS were 

0erformed  in accordance with those outlingd in the 

Guide for the Care and Use of Laboratory
r 

Anililals 

published by the USPHS and approved by the Yale 

Animal C and Use Committee． Male Spr0gue- 

Dawley albino rats weighing between 50 to 75 g 

(Charles River Laboratories，Wilmington MA)were 

used． Brain slices were prepar~ as described 

previously~m·l Briefly
． rats were anesthetized with 

chloral hyda'ate (4OO mg／kg，ip)and decapitated． 

nle brainswere quickly dissectedand submerged in all 

ice-CO1d medi~lll containing(in mmol／L)NaC1 125， 

KCI 3，MgSO4 1．4， CaO2 1．2， NaH2PO, 1．2， 

NaHCO3 25，鲥ucose 10，sucrose 10，and saturated 

ll1 95 ％ + 5 ％ CO2． A block of tissue 

containing the P wBs cut and glued on the cutting 

蚰lge of a v~bratome(OTS-4000 tissue slicer，FHc 

Inc，Bowdoinham，ME)． Sefial coronal slices(280 
— 300 “m j wel'~cut an d transferred to an incubafing 

chamberwheretheywere held at 35℃ for atleast1 h 

be fore recording． 

Elecl1．ophysiologieal reeord~ During re· 
cording， slices were continuously perfused at roDm 

~ lua'ein a chambe r placed on the fixed stage of 

all u#ght microscope eqinpr~d with an infrared 

semifive CCD camera (CCD-300T-RC，Dage．M11， 

Michigan City．INj Individual cells we∞ visualized 

using Nomarski optics and a 40 × long working 

distance，water inmae~ion~bjeetive(3．3 mm，NA： 

O．8，Olympus，Japan)． Recording electrodes were 

pulled from thin-walled mass capillaries(OD =1．5 

mm，WPI． Samsota， FLj， fdled with a solution 

c∞诅ining(inmmol／L)Ke,luconatel40，CaCl2 0，1， 

MgS04 2，egtazic acid 1，ATPK2 2， G'I"PNaz 0．1， 

卸艄 10，and 0．5 ％ biocvt|n pH 7．25，an d had a 

resistance of 7— 12 Mn． Voltage and current signals 

we∞ recorded with an Axoclamp-2A (Digidata 1200， 

Axon，Foster City，CA)interraced to a personal 

o31D．puter(Dimension )aPs Pro200n，Den，Austin， 

TX)． Data were digitized aad stored on disks using 

lamp(v．3．4，J Santos-Sacchi，Yale Univers时j． 

O胁 e data analysis was perform~ using pOamp， 

Systat(Systat Inc，Evanston，mj and Visual Basic 

MacrDsin MicrosoftExce1． 

DrI|g app~cafiml Drugs used in study 
NMDA (N．methyl-D．~mrtate，Research Bio· 

chemi~lsImemadonal，Nafick，MA)，AMPA【d，f— 

a-a~iao-3一hydroxy-5一methylisoxazole-4一propionic acid， 

RBI]，NSQX(1，2，3，4-tetrahydro-6-nitrc-2，3-dioxo- 

benzo[f]quinoxalinc．7一sulfonamide，RBI)，cG1P37849 

(Ciba-Gcigy，Basel，Switzerland) 

(31u缸rn如 and jts agon ists w啪 applied focally 

~mugh a 3．barrel microiontophomfic electrode(overall 

dpdiameter 2—3 pan)． One barrel was栅 ed lh 

Nal O．5 mal／L and used as the balance elec~ e． 

15rough the balance elec~ e．a currentwas constantly 
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aad automatically adjusted sothatthe sum ofthe conent 

0~-ough all 3 barrels equaled zero The uBe of a 
balance electrede allowed to reduce current artifact and 

to minimize diffusion of drugs away from the 

application site． The remainingtwo barrelswere filled 

with either gintmnate (10 mn~l／L，pH 8．5)，NMDA 

(100 mfflto1／L，pH 8．5)or AMPA (10 111111o L，pH 

8．5)． A positive retaining clm t(10 hA)was used 

to eliminate the passive diffusion while the drug was not 

ejected AⅡdrugs were ejectedwith negative currents 

ra咄 gfrom 0—50 nA． Glutmnate antagonists were 
administrated through the bath． 

Bioeytin stm hlg At the end of recording， 

sliceswere fixed overnightwith 4 ％ paraformaldehy~ 

in phosphate buffer saline (PBS， pH 7．4) and 

transferredto PBS containing 0．5 ％ TritonX-100 and 

1％ hydrogen peroxide for 3 h． Slices were then 

washed with PBS，incubated with avidin-biotinyhted 

ixroxidase-oamplex (Vectstain Elite ABC Hts 

A 

PK-6100，Vector Laboratories Inc，Budingame，CA) 

in the presence of 0．5 ％ Triton X-100 for 36 h．and 

reacted with diaminobenzidine and hydrogen peroxide． 

RESUI，1S 

All cells repotted in this study( =29)were 

inactivewith resting potentialsra gingfrom 一59 mV 

t0 —67 mV (without the colTectien of the iUl~ On 

ixXential between the eleeta~ and the bath)． AⅡ 

cells，however，were capable of firing repetitively in 

n Donseto intrasomatic depolarization OllTe~tinJeetion 

(20—160 nA fl0r3．5 s)．M0st cells(28／29)showed 

an initial buist of 2 — 3 spikes followed by regular 

spiking(Fig1)． In 00ecell，onlyl-e~1．1lal"spikingwas 

observed ． None of the cells tested showed re．pefitive 

bursts． 

Repetitive bursting induced by dendritic 

gtutamate application Unlike inuasomatic current 

B C 

Dend 【ic Glu S0珊a血 G1u 

5nA 

D 

lntrasomatie current 

80pA 

0 nA 40pAr——————] 1 名 
昌 

F垭1．Different她 lmtteras_mdI蒯 by曲，鼬 强巾e印puedtothe soma andthe apical delldrito·A J圳删  
oflive cellsinlarersV—VIof aPFc slice． The cell shown in themiddle being xecordedwith awhole- 

cell electrodeatthe g啪 ． Onthe a口icaldendriteofthe recetxhd cellwasamlcroiontophoretic electx,ode couteanmg 

岫衄 怔． The samemicroientophtetic electrode懈 la movedtothe s啪 1white跚螂 J· Reslmmes ot廿1e 

celltogintmmte(Gin】are出owlIin BmidC． BlWhole cellIec0础 n sla~angbm'st丘riI喀induced dendritic 

m雌 岫 appHcafion． Notethetwodoublets andthem terb~ngtargemesnbrane oscinatim evoked bybeth10锄d 

15 nAof ul锄 忱 (10mmol·L_‘，pII8．5】． At15 nA 0￡ lI住咖啦 ，thedoublets惴 ~oUowed by regutar spikil~· 

C】Responsesof the same cellto se~afic M te application． Althoughthe cell depolarizedto gimilar J 

∞ inB，only regutar spikillg(repetitive sin~e l evoked；∞ doublet w targe menllwmle∞mIm  

曲 ． D1 Intrasematic claa*ent injection山r0I the record．mg electmde evoked eithe~regutar sptlang w a 

single doublet followed by regutar spiking；no repeti~,e blasting 舢 ol3~erwed- 
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injection，focal#um~ate application(0～2O nA for 

3 5 s)to the apical dendrite(50—100“m away from 

the solna)induced repetitive bumting in most cells 

tested(12／17，Fig 1)． In the remaining 5 cells， 

dendritic appficafion of glutamate induced only ~egnlar 

firing． 1he number of bursts evoked varied between 2 

t0 5 depen~ng oilthe cell exanfinnd andthe amount of 

glutamate applied．Atlow glutamate ejection currents． 

the number of bursts inc北ased wi血increasing glutamate 

cttrrents At}Ii曲 glutamate cttr~nts，however， a 

fiaI'ther increase in glutamate cln'r~ ts often led to a 

d~mase in bursting acz~ompanied by an inc“瑚se in 

mgular Splr,mg- 

In 9 cells where dendritic glutamate induced 

repetitive bursts，the microiontopho retic electrode was 

movedtothe soma． In all 9 cells，somatic glutamate 

appfication(5—20 nA for 3．5 s)induced only regular 

spiking(Fig 1)． 

Tobe slⅡethat somatic glutamate receptors do not 

contribute significantly to dendritic glutamate-induced 

bursting， and to test whether dendritic glutamate． 

induced bursting involves activation of neighboring 

neuroi~ located near the application site，glutamate was 

appfied to sites abo ut 5 um away from the dendrite． 

As shownin Fig 2．atbo th sitesl and 4 on山e apical 

dendrite，glutamate reliably produced bursting． How— 

ever．whenthe application electrodeⅥ movedto sites 

2 and 3 fbo th about 5 um away from the dendrite but 

closer to the soma compared wi血 site 4】，the same 

araount of glutamate evoked only a small depolariza— 

tion； no bursting or 6血坦 was observed ． Similar 

experiments weIe performed  in 3 other cells aad 

identical results weIe obtained． 

Role ofN Ⅲ A andnon-NMnA receptorsin 

glutamate-induced bursting To determine whe。 

ther glutamate acts through both NMDA and I10ii· 

NMDA rew2~ors to induce bursting， the selective 

NMDA antagonist CGP37849 and the lion-NMDA 

antagonist NBQX (both at 1~mol／L)were applied 

through the bath． In all 3 cells tested， dendritic 

glutamate-induced bursd曜 were reversibly blocked by 

CGP37849 and NBQX． In the presence of either 

antagonist， glutamate produced only a subthreshold 

depolarization(Fig 3)． When CGP37849 mad NBQX 

were co-administeted， the effect of glutamate was 

completely blocked ． 

In 11 ceits．NMDA and AMPA 呲 applied to 

A 

B 

一
1 

—  

1Il 
—  

V 

一  

厂  广  ]  

Fig 2． chmparisml of the responses induced by 

glutm~ te applied to clOSe tmtes眦 and I tim 

dendrite． A)Re0叫塔垭ucdon．based 眦 inm~_llular 

bioeyfin staining．of a pyramidal cell in ta~er VI． 

Glutamate(Glu．10 mmoLZL．pH 8．5)懈 applied to 

4 siteslabeled as sites1，2，j，mad 4，respecavdy 

cinset)． B)Whole ee1]re shown responses 

of the cell to ghnmm ~e applied at the 4 di髓咖 t 

sites．At site1．g~utamate(15 nA)t~amr e 

two doublets． At sites 2 and罩cboth about 5 Ilm 

away from 廿le dendrite J，曲 岛珊 mnotmt of 

glutamateinduced ∞ lv a small del~larizmion ． Site 

4isfurther away from the s0m  but~Krectiy on the 

dendrite． Application  of 西u切瑚 怔 to this site 

induced atriplet． 

selectively activate NMDA and non—NMDA receptors， 

respectively． In all cells，dendritic NMDA (1．3 to 

25 hA)mliab!y induced repetitive bursang，whereas 

AMPA，appfied throughthe same mulfibarml electrodes 

(2 5o nA)，induced only regular sp~ng(Fig 4A) 

The bursting effect ofNMDAwas unaffected byNBQX 

(5／anol／L，n=6)and completely inhibited bY 

CG'P37840(1 vmol／L)． Thelx~gnl&r spiking induced 

byAMPA，oilthe other hand，was selectively blocked 

by NBQx(1／anoVL)not affec~d bY CGP37849(5 

~mol／L，n=3)(Fig 4B) 
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A 

GIu 2OnA 

B Gl
u 2OnA 

CGP1lamoI L 

儿 』／／l／／l 
NBQX1 gmol L 

4 s 

Fig 3． Blockade of lI1 lm -induced bursang by both NMDA antagonist and n~a．NMDA mata~ gst．A)Whole 

cellH日 d frmn a PFC lmdramidal cell showing glutmm te-induced b~ ting and its blockade by the NM DA 

舡I曲罾口面stCGP37~9 cCGP)． B)R 0rd’m蜜 a different cell showing the blockade of~l~ induced 

bIⅡs曲1gbythe rmn．NMDA mltatcm~st NBqX． In both cells， 1血曲 怔 c10 mmol·L～．pH 8．5)w龋 applied 
everyminutefur3．5 s． Notethatthefirst recordingin both cellsw∞ shownm an expandedtime scale． 

A 

NM DA 20 nA 

B 坌 ! ：： 
NBQX 5~．mol·L。 

坠 堑 AMPA 

> 

g 
0  

竺 竺 ： 
CGP 5 Bmol·L。I 

一  
4 s 

Fig 4． BI辨dng and eI 曲r回 魄 inducedby selec~vem~dvation ofNMDAandnon．r~ffDA receptors．respeclive- 

lv．A)Inthis pyramidal oeⅡ．NMDA andAMPAwere appliedthroughthe saznemuldbarreI m~croiontophoredc 

eleclxodetothe apicsJ dendrite． NMDA c100mmol·L-。．pH 8．5)~tiablyinducedhrsting．whereasAMPA c10 
mmol·L—1．pH 8

．5】evoked only regl1]aff叩矗 ． B)Ina different cel1．NMDA．indueedh~-stingw龋 mmffectedby 

the11o11-NMDA 锄扫鲷血stNB and blocked bythe NMDA 锄扫 血st CGP37849(CGP】． In another cell，the 

re． alp啦 inducedbyAIqWApersistedillthe e|lce ofCGP37~9 andwaslargelyblockedbyNB ．In both 

cells．NMDA orAM PA was applied every 30 sfor 3．5 s． 
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11 firstm orfinding ofthe present studyisthat 

in the P陀 ，focal glu胁 te application to the印i咖 
de,~trite induces repetitive b1．1~lN In the safffle cells． 

somatic glutamate application，like ir~'asomatic current 

eetion， induces only regll~ spiking． These 

observations are consistent with those previously 

reported in the sensorirr~tor cortex【 ． However．in 

吐le latter area， bursting Ⅵras ebserved only when 

glutamate was applied to more distal dendrites(>200 

mfromthe soma)． Inthe present study，applicatiom 

at proximal locations(50—101)舯 from the s0皿 ) 

also reliably evoked bursting． e c叫se for the 

differencesis unclear． Itis possfblethat neutlN~inthe 

PFc aIe differentfrom thoseinthe sensorimotor o．N)lteX 

However， in previous studies using a IeguI slice 

preparation， the ionmphc~etic electrode was only 

roughly p~ onea；h0w far it was丘0m the apical 

de,~trite of a Ofded eell was not precisely deter． 

mined． Thus，itmay be blethatinthose studies， 

吐le ~ otmt of glu胁 te applied may have also 

activated somatic glu胁 te receptors，thereby leading 

to regular~iking In the present study，ex~ n{s 
were DE 。nned Oil viNIIII~ eens． The micro- 

iontepN：~fic electrode was placed precisely on 吐le 

de,fldrite of a recorded cell Because of this close 

proximity， e arllollilt of旦lu胁 te neededto evoke a 

deM rite-raediatexl response should be reduced to the 

minirnllm and so the diffusion of glut~ te to the 

soma． 11 use ofa balance electrodemayfI】m erlimit 

glut0m'~te diffusion from 吐le ejection site． Indeed． 

when applied just a few micrometers away from the 
dendrite but closer to the s0Ⅲa．the sarne amount of 

glu胁 te，previously shown to caIlse bursting at the 

dendrite，now induced only a small出 0】ariza m ． 

The second major finding of the present study is 
吐lat NMDA aIld non NMDA receptors play differ~t 

roles in glut~ te induced lx~rsting． We showed吐lat 

both NMDA and non-NMDA antagonists attenuatexl 

gIut锄 a睁 dllo。d 出 0】ariza m  and blocked the 

bursting． Howev~r，when agonistswere usedto selec- 

tively activate NMDA and non NMDA receptors， 

respectively， only NMDA ) 【0r activation called 

bursting Activation of lion Ⅱ)A receptors，on the 

other hand，induced onlyIeglllarfiring． These results 

suggest that dendritic glut挪mte-indI】 d bursting is 

primarily mediated through Ⅱ)A reoe~tors
． How· 

ever， ∞IlcⅢTent activation of I1On-N 伍 A receptors 

may， by depolarizing the cel1． enhance Ⅱ)A 

reeeptor-mediatexllx~rsting． 

Thelack of an ability ofAMPA toinduce bursting 

als0 raises the question whether a simple dendritic 

depolarization is en0ugh to calls~ lx~rsting In 

higtx~campal CA1 pyramidal cells， a d印OIa ng 

cur~ntiniec On a~ugh anintradendritic electrodewas 

repcrtea to evoke lx~st-like firing~ 
．
However．only 

short pulses of current were tested and the cell fired 

only a single b1．1~t． Thus，whether or not a more 

~ longed in~ tendritic depolarization caII indIlce 

repetitive bursts r ns imcertain． Our results砌  

Ⅱ)A suggest that repetitive bursting may require both 

raembrane depolarization and an en[1'Iin~ of Caz into 

the dendrite． 

Why then is som~ c glut0m'~te ineffective in 

inducing b【mi IIg? There aIe sevcral possible a【 vc 

to this question． For exan~le，NMDA 把 咖 0n 

the na may not be as dense as 0n the deI te，or 

there aI moreAMPA reoe~tors∞ the s0ⅢathanOilthe 

dendrite． It is also possible 吐lat 0吐1ef III~ NllS 

【eg，ce岫 iol1ic channels)are also needed for the 

generation of bursting and 吐lat these mechanisms a 

absentinthe s咖 a． Clearly．more studies aI needed 

to test there and O possibilities． 

11 finding that activation of NMDA receptors 

induces bursting may have jn 。衄 t implications for 

understanding the function of Ⅱ)A rece啪 in the 

PFc and related dis0Id ． Itis well knownthat non- 

cem~titive Ⅱ)A ~m[agonislN such as phe~cyclidine 

(PCP)can．ndl】oe symptoms almost indistinguishable 
丘0m scNzophreniac-2．1J

． Part of the psycl~togenic 

effectis believedto bemediatexl by blockade 0fNMDA 

receptorsinthe Pf℃L业j
．
However．how this blO吐缸 e 

eventually leads to the development of psycho c 

symptomsIemainslargely unclear． dc and 

glut~natelevelsin the ℃ aIeincreasedfollowingthe 

t~ allent with a PC'P-like antagonist ’ ．suggesting 

that b0n1 doparIline aIld glutamate may play a role． 

111e present study suggests that an Ⅱ)A antagonist 

also altersfiringl~ttemsof ℃ pyramidal eens． Such 

alteration may also contribute to the psycl~togenic 

effect induced by ∞ Ⅱ)A antagonist． 

In conclusion． the present study shows that in 

most ℃ pyramidal ceils．glutama~ application to吐le 
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apical dendrite induces repetitive bursts． In the saIne 

cells， somatic glutamate ap ∞n∞ o／"inuasomatic 

depolarization current_mjection induces only regular 

spiking． Our data further suggest that the burst f~ing 

induced by dendritic glutmrmte is primarily mediated by 

activation ofNMDA receptors 
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