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Gee, Christine E., Gavin Woodhall, and Jean-Claude Lacaille. through calcium-permeable ionotropic glutamate receptp
Synaptically activated calcium responses in dendrites of hippocamg@mRS), influx through voltage-dependent “Cachannels,
oriens-alveus interneurons. Neurophysiol85: 1603-1613, 2001. 51 release from internal stores via activation of metabotro
Activation of metabotropic glutamate receptors (MGIuRs) byagomSt?utamate receptors (MGIURs) (Berridge 1998; Ghosh 3

y [«

increases intracellular calcium levels (f£3) in interneurons of 9 . -
stratum oriens/alveus (OA) of the hippocampus. We examined tg€enberg 1995). Very high [€&]; may be induced by ex

mechanisms that contribute to dendritic®Cancreases in these-n Cessive glutamatergic stimulation, as during seizure activ
terneurons during agonist activation of mGIluRs and during synapand is toxic to cells (Choi 1994). In temporal lobe epileps
cally evoked burst discharges, using simultaneous whole cell recoptincipal cells of the hippocampus are lost as a result of s
ings and confocal Cd imaging in rat hippocampal slices. First, weglutamate-mediated excitotoxicity (Dingledine et al. 199
found that the group I/ll mGIuR agonist 1S,3R-1-aminocyclopentangte|drum 1995). Gamma-aminobutyric acid—containing int
1,3-dicarboxylic acid (ACPD; 10@M) increased dendritic [C4]i  neurons of the hippocampus provide crucial inhibition of pr,
and depolarized OA interneurons. Dendritic°Caresponses were jection cells and control their excitability (for review se
correlated with membrane depolarizations, buf Caesponses in tJ: eund and Buzsaki 1996). In models of epilepsy, some in

duced by ACPD were larger in amplitude than those elicited fthe hi lesi din additi |
equivalent somatic depolarization. Next, we used linescans to meadiff&'oOns of the hippocampus are lesioned in addition to proj

changes in dendritic [G4], during synaptically evoked burst dis ton cells (Sloviter 1987). In the CAl region, interneurons
charges and somatically elicited repetitive firing in disinhibited slice§tratum oriens/alveus (OA) and stratum pyramidale are pa
Dendritic C&* signals and electrophysiological responses were staléarly sensitive and are lesioned preferentially in the kain
over repeated trials. Peak Taresponses were linearly related tomodel of epilepsy (Best et al. 1993; Morin et al. 1998). Thes
number and frequency of action potentials in burst discharges for betfechanism responsible for the specific loss of these inter Em
synaptic and somatic stimulation, but the slope of the relationship Washs remains unknown.

steeper for responses evoked somatically. Synaptically evoked, models of epilepsy and ischemia, activation of grou

[Ca™"]; rises and excitatory postsynaptic potentials were abolished fy=, < enhances neurotoxic mechanisms, whereas activ R
antagonists of ionotropic glutamate receptors. The group I/ll mGlu ’

: : of the group II/lll mMGIuRs has a neuroprotective role (s¢é&;
antagonist Sx-methyl-4-carboxyphenylglycine (500M) produced a [ . - .
significant partial reduction of synaptically evoked dendriticCa Nicol€tti etal. 1996). In the hippocampus, group 11/l mGluRsT

responses. The mGIuR antagonist did not affect synaptically evokdte largely confined to axons and terminals, whereas the grpgQ
burst discharges and did not reduce eithef Ceesponses or burst | MGIURs are situated peri- and extrasynaptically on dendrifes
discharges evoked somatically. Therefore ionotropic glutamate recep-hippocampal neurons (Lujan et al. 1996; Shigemoto et [§
tors appear necessary for synaptically evoked dendritit*Qe-  1997). Microapplication of glutamate induces mGIuR-medig
sponses, and group I/ll mGIluRs may contribute partially to thesged somatic [C%]i oscillations in OA interneurons, but not i
responses. Dendritic [€4]; rises mediated by both ionotropic andinterneurons of stratum radiatum/lacunosum-moleculare (
metabotropic glutamate receptors may be important for synaptic plagant et al. 1997). In addition, application of the group I
_t|C|ty and the selective vulnerability to excitotoxicity of OA mGIuR agonist 1S,3R-1-aminocyclopentane-1,3-dicarbox lic
nterneurons. acid (ACPD) evokes oscillations of membrane potential
[C&"], in OA interneurons through activation of voItageB
dependent Cd channels and C& release from intracellular Ny
stores but has little or no effect on stratum radiatum/lacumfo-
In neurons, increasing concentrations of intracellular caum-moleculare interneurons (Woodhall et al. 1999). The pres-
cium ([C&*];) mediates processes ranging from presynaptmce of these mGIuR and €amediated mechanisms speci
transmitter release to modification of protein phosphorylatigcally in OA interneurons raises the possibility that group Il
and gene expression (for review see Ghosh and Greenber@luR activation may be involved in the selective vulnerabjl-
1995). The excitatory neurotransmitter glutamate increasgsof OA interneurons to excitotoxicity. In addition, mGIluR$
neuronal [CA"]; by a number of mechanisms, including influxmay contribute to synaptic plasticity in OA interneurons @s
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long-term potentiation of excitatory synapses, dependent @pproximately=50 pA) was injected to set the membrane potent
mGIuR activation, has been reported in these neuroR@ar—60to—65mV.Atthis membrane potential, the input resistan
(Ouardouz and Lacaille 1995; Perez et al. 2000; but see M&ihe OA interneurons was 408 27 M{) (mean= SE,n = 37).

caferri and McBain 1996). However, if mGIuR activation plays A monopolar tungsten microelectrode was positioned in strat

a role in excitotoxicity or synaptic plasticity in OA interneu-radiatum (or occasionally in the alveus) to synaptically activate (

rons, then mGIuRs_ should b_e act_lvated during synaptic t_ra@ﬁésco-lbanez and Freund 1995; Lacaille et al. 1987). OA intern
mission and contribute to rises in [edi- To address this ons were also activated by somatic depolarizing current injection
question, we synaptically evoked epileptiform discharges {fe recording electrode.
OA interneurons from disinhibited rat hippocampal slices and
recorded whole cell current-clamp responses while simul
neously monitoring changes in dendritic f[C% with confocal
microscopy. Some of these data were published in abstracAfter obtaining the whole cell configuration, at least 20 min we
form (Gee et al. 1998). allowed for intracellular diffusion of the fluorophore. The fluoropho
was excited using a 488-nm argon laser attenuated to 1% of
maximum power. Emission was detected through a long-pass f
(cutoff 515 nm) and recorded to a PC using the MPL softw3
Slice preparation (BioRad). The confocal aperture was opened fully. Linescans w
taken from dendrites approximately 100—15® from the soma at a
Transverse hippocampal slices were prepared from young (13 of 12 ms per line for a total scan time of 6.144 s. Alternative
day) male Sprague-Dawley rats using similar procedures as Woodhiafle lapse images were collected at 0.2 Hz. The images were analy

Balcium imaging

METHODS

et al. (1999). The rats were anesthetized with halothane and decapi-line using Cfocal and Bfocal software (provided by M. Charlton.5

tated, and the brains were rapidly dissected in cold (5°C), oxygenatefiiversity of Toronto, Toronto, Ontario, Canada). For linescans,
(95% O,-5% CO,) solution containing (in mM) 120 choline-Cl, 2.5 flyorescence intensity (f.) of a line was averaged for a delimiteg
KCl, 26 NaHCQ,, 1.25 NaHPO,, 8 MgSQ, 10 glucose, and 0.4 region of interest representing a section of the dendrite. Change
L-ascorbic acid, pH 7.35-7.4;305 mOsm. Blocks of brain contain- fluorescence were calculated for each line relative to the averd

ing the hippocampus were affixed with cyanoacrylate to a vibratorp@seline fluorescence prior to stimulatidh() and expressed as
stage and cut into 30@m-thick slices. A cut was made to remove the

CAZ3 region from the hippocampus. Slices were transferred to artificial WAF/F=[(Fine — Fres)/Fres] X 100

cerebrospinal fluid (ACSF; in mM: 124 NacCl, 2.5 KClI, 2 CaC26 . . '
NaHCO,, 1.25 NaHPO,, 2 MgSQ, 10 glucose, 0.4-ascorbic acid, The values were then processed with a low-pass digital filter
and 4 myo-inositol, pH 7.35—7.4;305 mOsm) saturated with 959 "€Move fast transients (SigmaPlot, SPSS Chicago, IL, corner

0,-5% CO, at room temperature (22—24°C). Slices were allowed g,uency_ 10 Hz, e, Fig. 3), and etzhe peak calcium response
recover for at least 1 h before use. etermined for each linescan. Since*’Caesponses were often frac

tionated and consisting of multiple peaks (ex. Fig. 4), the area un
. the calcium response was calculated until either the return to basq
Electrophysiology or the end of the linescan (whichever occurred 1st, time inter

Slices were transferred to a recording chamber attached to the s 5-2 s following the stimulation) from the filtered waveform

of an upright laser scanning confocal microscope (Olympus BHESING @ trapezoidal rule-based algorithm (SigmaPlot). For each t
BioRad MRC-600, Mississauga, Ontario, Canada). The chamber WARSE® image, the average fluorescence was measured for a regi
perfused with oxygenated ACSF (17—19°C, 1-3 ml/min). Patch pterest of the dendrltg;the change |nf|u0resce.nce was then calcul
pettes were pulled from borosilicate glass (1 mm OD, A-M System@' €ach image relative to the average baseline fluorescence of
Everett, WA) and filled with 145 mM K-methylsulfate, 1 mM Mggl prestimulation images using the above formula. The area under
8 mM NaCl. 2 mM ATP, 0.4 mM GTP, 10 mM HEPES, 1 mM'esponse was Fhen calculated from the start of.the response ury
EGTA, 0.15% biocytin, and 10—2M calcium green | or oregon return to baseline up to a maximum 7-min period using the sa
green BAPTA-I (Molecular Probes, Eugene, OR), titrated with Koﬁlgqr'thm as for th_e _I|_nescans. - .

to pH 7.2-7.25, and adjusted to 275-285 mOsm (electrode resistanceNeéScans were initiated by a digital trigger pulse. After a 1-s dels
4-8 MQ). In some experiments, the electrodes were filled with tRynaptic s_t|m_ulat|on was a_pphe_d via the tungsten electrode, or som
c&* indicator and (in mM) 100 Cs-gluconate, 10 CsCl, 10 NaCl, surrent injection was applled via the_recordlng t_alectrode. To comp
ATP, 0.4 GTP, 1 EGTA, 10 HEPES, 20 QX-314 bromide, 0.1500ate for small variations in the start time of the linescans, electroph
biocytin, titrated to 7.2—7.25 with acetic acid, and adjusted to 275288
mOsm (4—8 MQ)). Whole cell patch-clamp recordings were obtaine - :
under visual control using a long working-distance water-immersidvented a more precise temporal analysis of the" Gand voltage
objective (Olympus WPlanFIx40 UV, 0.7 numerical aperture, 3.1 "€SPONSES.

mm working distance), from CA1 OA interneurons, with horizontally

oriented primary dendrites and somata near the oriens/alveus borggfarmacology

as previously described (Woodhall et al. 1999). Changes in membrane

voltage were monitored using an Axoclamp-2B amplifier (Axon In- Experiments were carried out in the presence ofiRDbicuculline
struments, Foster City, CA) in bridge mode. Signals were digitized aiethiodide to block GABA-mediated inhibition. In some experi
22 kHz and recorded to videotape. In addition, signals were filteredraents, (*)-2-amino-5-phosphopentanoic acid (APV, 200) and

1 kHz, digitized at 2 kHz (TL-1, Axon Instruments), stored on a P@-cyano-7-nitroquinoxaline-2,3,-dione (CNQX, 40/1) were used to
and analyzed using pClamp software (Axon Instruments). The bridgeck ionotropic glutamate receptor (iGIuR) activation. During expsd
balance was monitored and adjusted using the bridge circuit. Cetigents with the mGIuR agonist ACPD, tetrodotoxin (TTX, Qu)
with an initial resting membrane potential more negative thatb was used to prevent action potentials and indirect effects of
mV, overshooting action potentials, and an input resistas2@0 M)  agonist. (S)a-methyl-4-carboxyphenylglycine (S-MCPG) was us{
were accepted. To control for the effects of membrane potential tth antagonize mGluRs. ACPD and MCPG were purchased fr
input resistance and to reduce spontaneous action potentials, curfewris-Cookson (Ballwin, MO). APV and CNQX were purchasg

interneurons via their excitatory input from CA1 pyramidal cells (e.g.,

ogical and CA* responses were temporally aligned by eye. THi
(aorrection and the relatively slow scan time used (12 ms per lil
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from RBI (Nantick, MA). K-methylsulphate and choline chloride
were purchased from ICN (Costa Mesa, CA)Ascorbic acid was
purchased from Fisher (Ottawa, Ontario, Canada). Other chemicals
were purchased from Sigma (Oakville, Ontario, Canada).

Histology

After recording, the slices containing biocytin-filled cells were
transferred to a freshly prepared solution of 4% paraformaldehyde in
0.1 M phosphate buffer and fixed overnight at 4°C. Slices were
washed and stored in 0.1 M phosphate buffer for up to 2 wk then
embedded in agarose and resectioned at 5Q+8@vith a vibratome.

The sections were then processed using the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA) followed by nickel-intensifi-
cation as previously described (Woodhall et al. 1999). Sections were
mounted with D.P.X. mounting medium (Electron Microscopy Sci-
ences, Ft. Washington, PA) and examined under a light microscope.

Statistics

Data are expressed as meanSE. Data were tested for normality,
and equal variance and appropriate parametric or nonparametric tests
were applied using SigmaStat statistical software (SPSS). Significance
level was set aP < 0.05.

RESULTS ’M
I

Intradendritic C&* increases mediated by mGIuR activation s
1S,3R-ACPD 200s

ACFlvatmg MGIuRs by bath appllcatlon Qf the group 11l FiIG. 1. Effects of 100uM 1S,3R-1-aminocyclopentane-1,3-dicarboxyli
agonist (1S,3R)-ACPD increases intrasomati¢ Cand causes acid (ACPD) on dendritic G4 levels and membrane potential of an orien

depolarization of OA interneurons (McBain et al. 1994alveus (OA) interneuron in 0.aM tetrodotoxin (TTX).A: projected confocal
Woodhall et al. 1999). To assess whether similaf Cee- image from az-series (wm steps) of an OA interneuron filled with orego

. . : en BAPTA-I. The dendritic region of interest is indicated by the white b
sponses are produced in dendrites, we applied ACPD (1§1 is shown at high magnification in tieset. BandC: bath application of

uM) in the presence of TTX (0.pM) to block action poten- acpp increased dendritic [Ga], in the region of interest (B) and depolarize
tials and possible indirect effects. Confocal images were céle OA interneuron (C) with an increase in baseline noise. Depolarizing cur

lected at 0.2 Hz from dendrites of OA interneurons filled withvas injected via the patch pipette at the times indicated by the asterisks.
the C&" indicator oregon green BAPTA-I. In the presence of o ] ] o
ACPD, 11 of 13 cells depolarized (range, 4.0-31.3 mV; me3/@S significantly correlated with the somatic depolarizatio
depolarization, 13.7= 2.2 mV), and 2 cells showed no changdl”~ = 0.193,P = 0.022,n = 27 observations from 11 den
in membrane potential. In these experiments, the mean medfites, Fig. 2A). The slope of the linear regression for t
brane potential prior to ACPD application was60.2 =+ 0.6 Ca"-voltage relation was less for somatic depolarizations th
mV. Dendritic [C& '], increased in the cells that depolarizedor ACPD responses (Fig. 2). The soma depolarizations
(mean peak C& response 57.7 14.9%AF/F, n= 11) and quired to evoke dendritic G& responses similar to those
did not change in the cells that did not depolarize. Figureiaduced by ACPD (54.3- 12.8%AF/F, n= 11) were larger
shows a typical response from one of the cells that depolariz&¥.8 = 2.8 mV,n = 11) than the ACPD-induced depolariza
and showed an increase in dendritic fCR in the presence of tions (Fig. 2A). We also used somatic depolarizations as ¢
ACPD. We occasionally saw oscillatory responses to batitol Ce#* responses before and after ACPD responses (Fig.
application of ACPD (see Woodhall et al. 1999). Cell inpuEa* responses (82.6 25.9%AF/F) evoked by soma depo
resistance was monitored, with hyperpolarizing current pulsdarizations (29.0= 3.1 mV) were not significantly different
in three cells during ACPD responses. It decreased in two cediter the ACPD application (P 0.22,n = 10, t-test).
(by 92 and 44%), and increased by 6% in the other. Biocytin-labeled cells that responded to ACPD had horizg
We examined the relationship between dendritié Cee- tally oriented cell bodies with dendrites confined to straty
sponses and depolarizations induced by ACPD. The peak asriens/alveus (9/10 cells), or that also crossed stratum pyrg
plitude of ACPD-induced dendritic 4 rises and depolariza dale and entered strata radiatum/lacunosum-moleculare (
tions were significantly correlated®(= 1.453,P = 0.023,n = cells). The axons of these cells were seen exclusively in s
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11, Fig. 2A). ACPD-induced G4 and depolarizing responsestum oriens/alveus (2/5 cells), in strata oriens/alveus, radiaum

were also correlated in time with an average latency to peakasfd lacunosum-moleculare (1/5 cells), or in radiatum and
338 + 30 and 349+ 31 s, respectively, following the onset ofcunosum-moleculare (2/5 cells). The biocytin-labeled ACP

ACPD (r? = 0.826,P < 0.001,n = 11, Fig. 2B). This latency insensitive cells had horizontally oriented dendrites in stragrm

to peak was consistent with the time required for solutiooriens/alveus (1/2 cells) or also dendrites that crossed str

exchange in our perfusion system. We used somatic currgytamidale and entered strata radiatum/lacunosum-molecu
injections to evoked dendritic &4 responses of nonsynaptic(1/2 cells). The axons of the nonresponsive cells projected
origin. The peak amplitude of these dendritic?Caesponses stratum oriens/alveus (1/2 cells) or to strata pyramidale/rag
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>

----- ©  current injection plitude of C&" responses by 8.% 7.1%AF/F (n = 7 cells

LE; 150 ability to resolve smaller peaks associated with individyal
2 slope=4.47 ° action potentials. The filtering was useful in reducing badk-
3 e ground fluctuations. C4d responses associated with individugl
g 1007 O clope=123 action potentials were more clearly resolved when the intpr-
8 o s°pefo' spike interval exceeded about 30 ms (e.g., FigE andF) but
LY OO were not observed in all cells (e.g., Fig. 8).
E o, In 22 of 30 cells, C&" levels were stable during the pre
a © ©° stimulus baseline period (e.g., Fig.BandF). In 17 of these
0 — - : - 22 cells, C&" responses returned to baseline levels before the
°© 1 20 0 4 50 end of the linescans (within 5.2 s from the time of stimulatiof)g
B Depolarization (mV) In the remaining 8 of 30 cells, fluorescence declined during {2
500 - prestimulus period (e.g., Figs.D3and 4), possibly due to §_
E 450 | bleaching of the dye. This decline was nonlinear and was p@t
g 400 | slope=0.960 corrected. In five of these eight cells, Caresponses returneq =
2 150 | ° ° to baseline Ieyels during the Ilnescans (e'.g., Fig. 4). . 3
Iy To distinguish between action potential and synaptlcail_g
8 3004 generated dendritic G4 responses, changes in dendritic2
T 250 [Ca® "], were monitored while a similar number of actiop>
o 200 | potentials was generated by somatic current injection (Fig 3‘
2 450 Al and B1). During these experiments, exposure to the lapér
- 100 d was kept to a minim_u_m to avqid phototoxic damage to thg
100 150 200 250 300 350 400 450 500 cells. For each condition, two linescans, one during synaptfe
. o stimulation and one during somatic activation, were collected
Time to peak depolarization (s) L=

ization. A: graph of the peak amplitude of dendritic Carises vs. somatic

depolarization induced by ACPDs{—, n = 11), showing the significant CENCE levels usually returned to baseline during the 1- to 2-ing

correlation between Ga response and depolarization. There was also Htervals. Occasionally, changes in baseline fluorescence
significant correlation between dendritic Carises and depolarizations-in curred between longer intervals. To control for the possibil
duced by soma current injections, ¢ - -, n = 27). However, the slope of the
linear regression was less for somatic than ACPD-induced resp@isgsph .
of the time-to-peak of C& responses vs. time-to-peak of depolarization§VOked responses, we collected several linescans over lo

induced by ACPD, showing the significant temporal correlation between thérztervals (Fig. 4). The mean peak €aresponse and the mea

components of ACPD responses{nl11). area under the Ga response were not significantly different%
during 75 min of recording for both synaptic stimulation (pegk

tum (1/2 cells). Thus no clear relationship was observed #* F = 0.197,P = 0.823; area under G4 responseF =
Fweenthe morphology of OA interneurons and the electrophy§—65£'1 P-0 534 n=7 celis) and somatic activation (pea
iological and/or C&" responses induced by ACPD. C.az* ,F -0 '284 P — 0.764: area under G4 responsek =

o . ... 0.30,P = 0.971,n = 3 cells; Fig. 4, 1- ANOVAS).
Intradendritic C&* responses evoked by synaptic actlvatlorg 30, P 0 ) cens, T way )
To examine synaptically evoked responses, we combintie whether evoked synapticallid(= 0.494,P = 0.781;n =
current-clamp recordings of excitatory postsynaptic potentialcells) or somaticallyql = 0.935,P = 0.686;n = 3 cells; Fig.
(EPSPs) and burst discharges in OA interneurons held at memKruskal-Wallis).
brane potentials near 60 to —65 mV, with imaging of den- ~ We examined the relationships between peak'Gasponse

dritic C&#* responses in linescan mode. OA interneurons weaed burst characteristics for both synaptically and somaticaliy
activated polysynaptically, with a tungsten electrode placed é@voked responses. Peak°Caesponses were plotted again$

stratum radiatum in the presence of 2M bicuculline. Large the number of action potentials and mean spike frequency

epileptiform EPSPs triggering multiple action potentials werte complete data set with both stimulation types (Fig. 5). P¢ak

recorded at the soma in response to single stimuli (20+¥80 C& " response was linearly related to the electrophysiologi
for 500 us) in stratum radiatum (Fig.Cy. When the stimulat- measure with either synaptic stimulation (number of acti
ing electrode was placed in the alveus, smaller but qualitativedptentialsr® = 0.153,P = 0.007; action potential frequency

similar responses were recorded in OA interneurons (ndt= 0.134,P = 0.014) or somatic stimulation (number of

shown). Dendritic C&" increased during the synapticallyaction potentialsr? = 0.215, P = 0.009; action potential

evoked burst discharge (FigD3. Dendritic [C& '], rose rap  frequency:rr? = 0.234,P = 0.006). However, the slope of thq

idly during the responses and decayed slowly over seconds. ddlationships between peak €aresponse and the characte
linescans were filtered to remove fast transients before méstics of the underlying bursts of action potentials was stee

suring response parameters (segHops). The sample C&  for somatically than synaptically evoked responses (see Fig. 5,

responses shown in Fig. 3)-F, show both filtered and A andB), suggesting some differences between the two ty

randomly selected), it did not affect the time-to-peak or the

o - at the same dendritic location and usually at 1- to 2-m
Fic. 2. Relationship between dendritic Caresponse and soma depelar jnteryals, for a total of six to eight linescans per cell. Fluorg

of time-dependent changes in either synaptically or somatically

imilarly, the number of action potentials were stable o\

— @ ACPD response unfiltered traces. Whereas the filtering reduced the peak am-
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20%AF/F

FiG. 3. Synaptically evoked dendritic €a re-
sponses in OA interneurons during stimulation of str
tum radiatum in bicuculline (2QuM). A: projected
confocal image from a-series (5am steps) of an OA
interneuron filled with oregon green BAPTA-I with the
dendritic region of interest indicated by the white boj.
B: the region of interest is shown at higher magnifica
tion, and the repetitively scanned line is indicated b
the dashed white lineC: a complete linescan (512
lines) during which a single stimulus (indicated by
arrowhead) was applied in stratum radiatum 1 s aft
starting the scan (£ 0 at top; t= 6.144 s abottom).
D: the bottom traceshows the synaptic depolarizatior]
and burst discharge recorded at the soma. W
tracesshow the simultaneous €aresponse measured
from C. The dotted line is the unfiltered trace, and th
solid line is the filtered tracé andF: 2 linescans (top
traces) taken from a different cell showing both filteregl
(solid) and unfiltered (dotted) €& responses and the
corresponding electrophysiological recordings (botto
traces) for synaptically (E) and somatically (F) evoke
responses. The filtering did not prevent the detection
C& ™ signals associated with individual action poten
tials. However, with interspike intervals shorter thal
approximately 30 ms (compakeandF), C&™" signals
associated with individual action potentials were diffi
cult to detect.

a

19

:dny wouy papeojumo

d-uly

50%AF/F

1s

of C&" responses. Similar relationships were also found f6r626; area under G4 responset = —0.275,P = 0.826;
the area under Ga responses (not shown). number of action potentials, = 0.0, P = 1.0,n = 9,
Student’st-test; Fig. 6,C and D). In the OA interneuron
EPSPs and dendritic G4 responses require iGIuR shown in Fig. 6, the stimulating electrode placed in stratt
activation radiatum also elicited an antidromic action potential. Th
dendritic C&" response elicited by this action potential w4
We next examined the role of iGIuRs in responses evokedt blocked by the antagonists. This was the only cell
by synaptic and somatic stimulation. Bath application of th@hich antidromic action potentials were elicited by th
N-methylo-aspartate (NMDA) receptor antagonist AP\synaptic stimulation. Similar Ca responses to individual
(200 uM) and the a-amino-3-hydroxy-5-methyl-4-isox- spontaneous action potentials were seen in other cells (4
azolepropionic acid (AMPA)/kainate receptor antagonistig. 4). These results indicate that activation of iGIuRs
CNQX (40 uM) eliminated the electrophysiological andnecessary for synaptically evoked burst discharges and d
dendritic C&" responses evoked by synaptic stimulatiodritic Caf* responses, but not for responses to somd
(peak C&" responseW = —45.0,P = 0.004; area under activation.
Ca* responseW = —45.0,P = 0.004; number of action We attempted to visualize intradendritic Caresponses to
potentials W = —36.0,P = 0.008;n = 9, Wilcoxon signed synaptic stimulation using an intracellular patch solution cgn-
rank test; Fig. 6). These effects were reversible followingining cesium and QX-314 to block 'Kand voltage-gated
wash out of CNQX/APV. Peak G4 responses recovered toNa* channels. In these conditions, mGluR-mediated activatfon
74.4 + 7.4% of control, area under €& responses to of a C&"-dependent nonselective cation current has bgen
119.5* 7.3% of control, and number of spikes to 94t9 observed in CAl pyramidal cells, in the absence of iGIUR
17.4% of control = 3). APV and CNQX did not affect activation (Congar et al. 1997). With this protocol, dendritjc
either the electrophysiological or dendritic Caresponses Ca& " responses were detected during large amplitude and Ipng
evoked by somatic activation (peak €at = —0.510,P = duration EPSPs elicited by single stimuli or 100-Hz/1-s traifs.
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A1 Synaptic stimulation B1  Somatic activation

t =20mins

I

t = 35mins

FiG. 4. Stability of electrophysiological and dendriticTa
responses evoked by synaptic and somatic stimulatidn.

electrophysiological (bottom trace) and dendritic>Ca(top
trace) responses were evoked by synaptic stimulation at
-63 -60 time points indicated in an interneuroBl: to distinguish
synaptically generated &4 responses from action potential|
= 70mi evoked C&" responses, responses to somatic current injecti
= 70mins

20%AF/F|  at the same dendritic location, either 1 min before or after t
traces inAl. A2andB2: graphs, for all cells tested, of mea
increases in dendritic [G&]; and mean number of action
potentials evoked by synaptic (A2) or somatic activation (B2)
different time points, indicating that €4 and electrophysio

logical responses did not significantly change over these Ig

i
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1
D
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'
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A2 B2 recording intervals.
m— 20-30 min 15 15
100 {—— 35-55 min 100 4
55-75 min
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& 3 g @
o 60 5 860 4 -
£ @ £ @
N £s 34 £5
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O 20 c ©20 4 c
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peak area peak area
(%AF/F)  (%AF/F x s) (%AF/F) (%AF/F x s)

However, in the presence of APV and CNQX, these dendritiero of these cells, MCPG reduced synaptically evoked'Ca
ca* signals, as well as EPSPs, were completely abolishessponses to a greater extent in one of the two branches (
(Fig. 7,n = 11 cells). Thus in our experimental conditions, n@ot shown). Thus mGIuR contributions to synaptically evok

dendritic C&" responses were detected in the presence @ndritic C&* responses appeared spatially localized to certhff

producing a similar number of action potentials were record¢

h

umoq

D

FpRpeo

b

)

[1/dny u

-s1aR)ISIaAIUN 1B /610'/(60|0!3Au§fu

quisxuery
=)

g

1%

2l

iGluR antagonists. dendritic sites in certain cells, and consequently responsef3n
both dendrites of these three cells were analyzed as sepgdit

mMGIUR activation contributes to synaptically evoked observations. The mean peak amplitude and area under @‘
dendritic C&* responses response of synaptically evoked Caresponses were SI%HIfI o
cantly reduced in the presence of MCPG (FiB18peak Ca"* g

To determine whether mGIuRs contribute to synapticallesponset = 3.69,P = 0.002; area under Ga responset = | &
evoked responses, we examined the effects of the group R1643,P = 0.022; paired-testsn = 17). In the five cases with S
mMGIuR antagonist MCPG (50QM; n = 14 cells). This an- MCPG wash out, the peak amplitude of synaptically evokeﬁ
tagonist required long wash out periods (30—45 min). Ther€&* responses was significantly reduced to 7%.8.4% of |9
fore the time required td) load the cells with the calcium- control in the presence of MCPG and recovered partially |t8
sensitive dye2) obtain synaptically and somatically evoked®2.8+ 8.4% of control after wash out. By contrast, MCPG d{d<

responses, ang) record responses following drug applicatiomot significantly affect dendritic G responses evoked by
and wash out was longer than 70 min. DendriticCae- somatic activation in the same cells (FigDB peak C&"
sponses to somatic activation and synaptic stimulation sormesponset, = 1.708,P = 0.119; area under G4 responset =
times deteriorated after the long wash out of MCPG from th®820,P = 0.44,n = 10; pairedt-tests). EPSPs and burs
slice. Therefore responses were evoked in six cells, first in thischarges evoked by synaptic stimulation were also not s
presence of MCPG and then in normal ACSF following a 3@ificantly changed in the presence of MCPG (FigA2,and
to 45-min wash out. In the remaining cells€ 11), responses B2—B4; number of action potentiald, = 0.504,P = 0.69;
were obtained first in normal ACSF and then in the presenceaition potential frequency,= 1.06,P = 0.31; action potential
MCPG; in some of these cella & 5/11), a wash out of MCPG amplitude,t = 1.48,P = 0.16;n = 14, pairedt-tests). Simi-
was possible. In three cells exposed to MCPG, the linescanly, MCPG did not significantly affect somatically evoke
intersected two distinct dendritic branches of the same cell. depetitive firing (Fig. 8,C2 and D2-D4; number of action
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. " . . . .
A1 Synaptic stimulation Bi Somatic activation be important for C&"-mediated synaptic plasticity or excito

9 180 g 180 . toxicity.
§ slope = 2.63. § slope =5.25
120 g 120 . Activation of mGIuRs by ACPD increases dendritic fCh
4,3 s &, 3 .
SE €0 « €W (./:r'/ The C&" response and depolarization of OA interneurops
§ ofotee o ¢ § ol . L) '. O produced by application of ACPD confirms previous findings

0 5 10 15 20 0 5 10 15 20 that ACPD increases [G4]; in somata and proximal dendrite$

Number of spikes Number of spikes (Woodhall et al. 1999) and induces Tadependent inward

A2 B2 currents (McBain et al. 1994) in OA interneurons. Our resujts
S O B 1801 e 170" extend these findings by demonstrating that?Gain more
& 0l e SN distal dendrites also increases in response to ACPD. The
ﬁ% S e, +9u§ fects of ACPD were not mediated indirectly since TTX w§
8% 60 .‘é‘.:,/\—( kS used to block action potential-driven synaptic transmissip
5, ey L 3 The ACPD-induced increase in dendriticCdevels and de
o T g

0 1020 30 4 - .

mRSRE O REBODLT AT Synapicsumiaion A2

Fic. 5. Relationship between peak Taresponses and action potential
number and frequency: graphs of peak CGd responses evoked in all cells
by synaptic stimulation as a function of numbérlj and frequency (A2) of
action potentialsB: similar data for peak CGd responses evoked by somatic
activation. For both types of stimulation, a significant linear correlation was control ___
found between peak E& responses and number or frequency of actiompvicnax
potentials in the burst. The slopes of the linear regressions were steeper for

. . wash .
somatic than synaptic responses.

B 75 , mmwm controf 82 10
potentialst = —1.562,P = 0.153; action potential frequency, ~ =~ | == APVICNX .
t = —1.20,P = 0.26; action potential amplitudé,= 0.845, 2 5 g
P = 0.42;n = 10; pairedt-tests). These results suggest that § g 5
mGIuRs may contribute in part to dendritic €aresponses but £ 25 3 4
not to EPSPs and burst discharges evoked by synaptic stimu—§ 5,
lation, and they do not contribute to €aresponses or repet ; *
itive firing evoked by somatic activation. 0 peak area — APVICNQX
Biocytin-labeled cells that were responsive to MCPG had (%AFIF)  (%AFIFxs)

horizontally (4/5) or vertically (1/5) oriented cell bodies andC1 C2
horizontally oriented dendrites confined to stratum oriens/
alveus. In one cell, the axon projected to stratum lacunosum-
moleculare, whereas in the other cells it ramified in strata
pyramidale/radiatum and lacunosum-moleculare. Biocytin-la-
beled cells that showed no effect of MCPG had dendrites

confined to oriens/alveus (1/2) or also crossing into strata

Somatic activation

20%AF/F I

radiatum/lacunosum-moleculare (1/2). Their axon projected 31 7 D2
stratum pyramidale (1/2) or strata pyramidale/radiatum (1/2). g g 8
g % & 6
2 5
DISCUSSION 525 3 4
s 2
In the present study, we found that direct activation of © 2
mGIuRs with the group I/l agonist ACPD increased dendritic ——— ares v rE——————

Ca" levels and depolarized OA interneurons. We alse ob (%AFF) (%A xs)

.Served that m.GIURS maY contribute in part to. dendm'@ta FIG. 6. Block of synaptically evoked dendritic €aresponses and excita
Increases durlr_lg synaptically evoked burst dBCharges in @4y postsynaptic potentials (EPSPs) by ionotropic glutamate receptor an
interneurons since the group I/l mMGIuR antagonist MCP&nists.A andB: traces taken from a representative cell (A) and histograms
produced a significant partial reduction of synaptically evokeiowing mean values of synaptically evoked responses for all cells tested

+ ; : ; ; . In (*)-2-amino-5-phosphopentanoic acid (APV; 2001) and 6-cyano-7-
dCa2 h responses,dwngqgt ggectmg eleCtrolphySCIjOLOgICd bqr% roquinoxaline-2,3-dione (CNQX; 5@M), synaptically evoked dendritic
Ischarges, nor dendritic responses elicite y Somat'CCa2+ responses (AandB1) and EPSPs/burst discharges @ B2) were

action potentials. Finally, synaptically evoked*Caesponses blocked. In the OA interneuron shown, the stimulating electrode placed

were abolished by blocking ionotropic glutamate receptorsjatum radiatum also elicited an antidromic action potential. The dendijtic

suggesting that their co-activation may be necessary ]%ef* response elicited by this action potential was not blocked by the anf]

_ : + : : nists.C andD: neither dendritic C&" responses (CandD1) nor repetitive
MGIUR mec.“ated Ca re_sponses. Thus IonOtropl.Cz anq)iring (C2 and D2) elicited by somatic current injection were affected b
metabotropic GluRs may jointly contribute to dendritic Ca APVICNQX. Asterisks indicate groups that are significantly different fro
rises during synaptic activity in OA interneurons, which mayontrol.
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dendritic C&" changes and membrane depolarization (Bian
et al. 1999).

A

single stimulus

histochemically to peri- and extra-synaptic regions of dendri
on OA interneurons, with the somatostatin/GABA containif
interneurons in OA expressing high levels of mGluRBaude
et al. 1993; Lujan et al. 1996). In contrast, group Il mGIuRs &
located presynaptically (Shigemoto et al. 1997). Thus

-64

B  100Hz train

of dendritic postsynaptic group | mGIuRs.

Mechanisms of synaptically evoked*Caesponses

We found that peak dendritic € responses, evoked eithe
synaptically or somatically, were linearly related to the numi
and frequency of action potentials in burst discharges, but
the slope of the relationship was steeper for somatic th
synaptic responses. This linear relationship between pe&k g
response and action potential number or frequency may no

A1l

C  100Hz train in APV/CNQX
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spike amplitude (mV)
n
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(%AF/F x s)

-64 control MCPG

C1

1s

FiG. 7. Dendritic C&* responses and EPSPs during blockade of Bad
K* channels with intracellular QX-314 and CsA and B: traces from a
representative cell recorded with an intracellular patch solution containifig Cs
and QX-314, showing that stimulation with single pulses (A) or 1-s/100-Hz
trains (B) elicited large, long duration EPSPs (bottom traces) that were ac-
companied by dendritic G4 rises (top traces)C: in the presence of 2QM
CNQX and 100uM APV, both C&* and electrophysiological responses WereD
completely abolishedD: the effects of CNQX/APV were partially reversible
after wash out of the antagonists.

Somatic activation
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polarization were significantly correlated. However, larger cur-
rent-evoked somatic depolarizations were required to produc
dendritic C&" responses similar to those induced by ACPD.:
Since C&" changes were measured in the dendrites, this’
difference could be due to voltage attenuation of somatic
evoked depolarizations from the soma to the dendritic location.
Alternatively, ACPD-induced rises in dendritic €alevels FIG. 8. Significant partial reduction of synaptically evoked dendritié Ca
may involve other mechanisms in addition to influx througtesponses by the mGIuR antagonist (S)ethyl-4-carboxyphenylglycine

voltage-dependent @4 channels, likely through the previ (MCPG; 500uM). A andB: example of synaptically evoked responses from
| d mGIuR diated I f | d representative cell (A) and histograms for all cells tested (B) showing f
ously reported mGluR-mediated coupling of voltage- ePeficpG significantly reduced the amplitude and area under dendriti¢ C

dent C&" channels and C4 release from intracellular storesresponses (AandB1). The number of action potentials evoked by synap
(Woodhall et al. 1999). The dendritic €a responses and stimulation did not change in MCPG (AhdB2). MCPG did not significantly

somatic depolarizations were temporally correlated in our e@{fe”d eithif gcgion pgtef;]“a' ffgqueggy ﬁg)POGf j_fgp“tlld,e (|_3f_4) dulfingﬁsyn
- : f e cally evoked burst discharge€. and D: id not significantly affect
periments. However, with the slow acquisition rate of th%a?* responses (CandD1), nor various parameters of repetitive discharg

confocal images we used (0.2 Hz), it was not possible {84
determine more precisely the temporal relationship betweeifierent from control.
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absolutely accurate since Taresponses were obtained inand supra-threshold levels. Our preliminary observation that
different cells in these experiments. Still, since most synapMCPG could differentially affect synaptically evoked dendritic
cally and somatically evoked responses were recorded in tB&* responses in different branches suggests that mGIyR-
same cells, these results suggest that different mechanisms magliated C&" responses could be localized to certain -dgn
underlie these two types of dendritic €aresponses. This dritic segments in interneurons. In addition, the mechanisins
difference likely reflects the additional activation of glutamattor mGluR-mediated intracellular & release may not be
receptor mechanisms during synaptic responses. present in all parts of the dendritic tree (Berridge 1998).
The absence of synaptically evoked ?Caresponses (or  Conceivably, MCPG may have directly antagonized NMDA
EPSPs) in OA interneurons when iGluRs were blocked sugr AMPA receptors (e.g., Contractor et al. 1998). However, qur
gests that synaptically evoked mGluR-mediated®Tae- observation that MCPG did not affect burst discharges sugggsts
sponses may require co-activation of iGIuRs and/or voltagiat the effects on Cd responses were not due to nonspecific
dependent C& channels. QX-314 bromide salt may haventagonism of iGIuRs. In disinhibited slices, antagonizig
inhibited C&* entry (Talbot and Sayer 1996) and thereforBlMDA receptors reduced the number of action potentials 9
prevented the detection of mGluR-mediatec? Caesponses. burst, whereas antagonism of AMPA receptors blocked byrst
However, in CA1 pyramidal cells mGluR-mediated depoladischarges (data not shown) (Williamson and Wheal 19
ization and C&" responses have been reported using sublCPG can also antagonize group |l mGIuRs, which have b
recording and stimulation protocols (Congar et al. 1997). Precalized to presynaptic terminals in the hippocampus (Shi
vious studies have reported a similar requirement fof ‘Camoto et al. 1997). Preventing activation of presynaptic grou
entry via iGIuRs or voltage-dependent®Cachannels. Coopera- mGIuRs, which are negatively coupled to CAMP, is expecte
tive actions of either iGIURs or voltage-dependentCahar  enhance glutamate release during synaptic transmission (
nels along with mGIuRs are necessary for oscillatory ‘Caand Pin 1997). MCPG did not affect synaptically evok
responses in OA interneurons (Carmant et al. 1997; WoodhBPSPs and burst discharges, suggesting that there wa
et al. 1999). Analogously, mGIuR-mediated enhancement iotrease in glutamatergic transmission due to antagonis
synaptically evoked G4 responses can occur via potentiatiopresynaptic group Il mGluRs at these synapses. Group
of spike-driven increases in [€4]; (Nakamura et al. 1999; mGIuRs are also localized presynaptically to OA interneur
Zheng et al. 1996). Our observation of a partial contribution ¢6higemoto et al. 1996, 1997); however, MCPG does
mGIuRs to synaptically evoked €4 responses with no en antagonize these receptors at the concentrations used (¢
hancement of EPSPs or burst discharges appears contradictony Pin 1997). Therefore the effects of MCPG we obsery
to our other observation that ACPD elicited both a rise iwere likely exerted via postsynaptic mGIuRs.
dendritic [C&*], and a depolarization. The depolarization
evoked by ACPD is due, however, to the activation of Bpysiological implications of synaptically activated Ca
Ca"-dependent cationic current (Crépel et al. 1994; MCBaFésponses
et al. 1994; Pozzo Miller et al. 1995; Woodhall et al. 1999).
The absence of depolarization may thus be due to an insuffidinterneurons in OA and to a lesser extent in stratum pyf
cient elevation of [C&']; to activate this current following midale are preferentially lost in experimental models of e
synaptic stimulation. lepsy, whereas interneurons of strata radiatum/lacunosum-
An important consideration in the failure to detect pharméeculare are not (Best et al. 1993; Morin et al. 1998). While t
cologically isolated synaptic mGIuR responses is that the rexact mechanism of this cell loss is unknown, it likely resu
gion of dendrite being imaged may not have been in thieom seizure-induced CGa-mediated excitotoxicity (se
vicinity of active synapses with mGIuRs. In control ACSFDingledine et al. 1990; Meldrum 1995). Several lines of e
synaptically evoked Cd responses were due to activatiordence suggest that the selective vulnerability of OA intern
of polysynaptic (Shaffer collaterals/pyramidal cells) and monoens may be due to a Eamediated mGIuR mechanism. Firs
synaptic inputs (pyramidal cells). However, in the presence liigh levels of group | mGIluRs are selectively expressed in
APV and CNQX, only monosynaptic inputs were activatednterneurons (Baude et al. 1993; van Hooft et al. 2000). S
which reduced the likelihood that the region of interest comnd, the group I/ll mGIuR agonist ACPD elicits large rises
tained active synapses. Additionally, no action potentials cofGa®*]; in OA interneurons but not in interneurons of stra
tributed to synaptically evoked €4 influx in the presence radiatum and lacunosum-moleculare (Carmant et al. 19
of APV and CNQX, resulting in a more spatially restrictedVoodhall et al. 1999). Third, in the present study we show tih&t
C&™ response. Indeed, recent studies in cerebellar PurkinESIuR activation contributes in part to intracellularCaises | N
neurons have demonstrated the presence of highly localizkding epileptiform synaptic burst discharges. Although syns
mGluR-mediated increases in dendritic fCh in response to aptically evoked mGIluR-mediated intracellular’Caises are
synaptic stimulation that are not accompanied by postsynaggéss marked than mGIuR agonist—induced responses, they ar
currents (Finch and Augustine 1998; Takechi et al. 1998kely to be more pronounced during seizure activity. It |s
Likewise, MCPG reduces tetanus-induced dendritic’[Ga possible that other mechanisms like’Canflux through kai
rises in CA1 pyramidal neurons with little or no effect on th@ate receptors may contribute to seizure-induced excitotoxi¢ity
postsynaptic current (Frenguelli et al. 1993). The dendrites iof OA interneurons; however, excitatory postsynaptic currents
OA interneurons lack the planar arrangement of Purkinje antediated by kainate are also present in interneurons of stfats
pyramidal neurons, making it difficult to image much of theiradiatum and lacunosum-moleculare, which are resistan to
dendritic trees. In future experiments, it would be important texcitotoxicity (Cossart et al. 1998; Frerking et al. 1998).
examine C&" responses at dendritic segments with clearly Activation of mGIuRs also plays a role in long-term poten-
identified monosynaptic excitatory inputs and activated at suilation of excitatory synaptic transmission in OA interneurons
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(Cowan et al. 1998; Ouardouz and Lacaille 1995; Perez et @nn PJanb Pin J-P. Pharmacology ar)d functions of metabotropic glutam
2000; but see Maccaferri and McBain 1996). Interestingl ,feCEDtOfS':nnCl; Rev El:/?/rlrcagol ToxT|c6I7: ?_105—237, 1959F7_D_ .
interneurons in strata radiatum and lacunosum-moleculare lackRACTORA, SEREAU » GREENT, AND HEINEMANN SF. Direct effects

of metabotropic glutamate receptor compounds on native and recombipant

this form of plaStICIty (O_uardouz and Lacaille 1995; Pgre; etN—methyID—aspartate receptor®roc Natl Acad Sci USA5: 8969—-8974,
al. 2000). The observation that group I/ll mGIuR activation 1g99g.

produces large rises in intracellular Cain OA interneurons Cossart R, EscLaPEZ M, HIRsCH JC, BERNARD C, AND BEN-ARI Y. GIURS
but not in interneurons of strata radiatum and lacunosum-kainate receptor activation in interneurons increases tonic inhibition
moleculare (Woodhall et al. 1999) and that group I/l mGluRs Pyramidal cellsNature Neuroscl: 470-478, 1998. N
contribute in part to intracellular 4 rises in OA interneurons COW’(*:’i“t ;?c';r fg‘ﬁ;ggé c'?rfEaCSEp'i-géﬁzDinT:;“"eﬁ’:oii ihogf’é;ercr"AFl"?;é'lfgij;
dL;ngg synaptic burst dls_charges suggest that' MGIuR-mediate ecificity.J Neurophysiol79: 13-20, 1998.

Ca'™ transients may be involved in the induction of long-termagcpe v, Anikszean L, BEn-Ari Y, anp Hammono C. Glutamate metabo-
potentiation at OA interneuron synapses. In _Other cell typestropic receptors increase a Taactivated nonspecific cationic current i
MGIuRs are important for long-term potentiation (e.g., Borto- CA1 hippocampal neurons. Neurophysiol72: 1561-1569, 1994.

lotto et al. 1999; Cohen et al. 1998; Zheng et al. 1996YNGLEDINE R M'CBAIN CJ, anD McNamara JO. Excitatory amino acid
particularly when long-term potentiation is induced using weak€ceptors in epilepsylrends Pharmacol Sd1: 334-338, 1990.

PR p . FiINcH EA AND AuGUSTINE GJ. Local calcium signalling by inositol-1,4,5-
tetamzathn protocols that require Carelease from internal triphosphate in Purkinje cell dendrite¥ature 396: 753-576, 1998.
stores (Wilsch et al. 1998).

. . . . FRENGUELLI BG, PoTIER B, SLATER NT, ALFORD S, AND COLLINGRIDGE GL.
Thus our results show that synaptic activation causes rises iffetabotropic glutamate receptors and calcium signalling in dendrites
dendritic [C&"]; in OA interneurons that require ionotropic hippocampal CA1 neuronebleuropharmacolog2: 1229-1237, 1993.
glutamate receptor activation and are mediated in part Bgerxing M, MAaLEnkA RC, aND NicoLL RA. Synaptic activation of kainate
activation of group I/l mMGIuR receptors. These glutamate receptors on hippolcampal interneuroNature Ne_urosc1:479‘—486, 1998.
receptor—mediated rises in [g:%ll may have important func FReuND TF aND Buzsaki G. Interneurons of the hippocampusippocampus

. . L . . 6: 347-470, 1996.
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