Inhibition and Disinhibition of Pyramidal Neurons by Activation of
Nicotinic Receptors on Hippocampal Interneurons

DAOYUN JI AND JOHN A. DANI
Division of Neuroscience and Structural and Computational Biology and Molecular Biophysics Program, Baylor Collede of
Medicine, Houston, Texas 77030

Ji, Daoyun and John A. Dani. Inhibition and disinhibition of pyra- nAChRs in the hippocampus (Martin and Aceto 1981). In the
midal neurons by activation of nicotinic receptors on hippocampgdammalian hippocampuay andB2 subunits are widely distrib-
interneurons.J. Neurophysiol83: 2682-2690, 2000. Nicotinic ace-yted, but other subunits also are present (Deneris et al. 1988
tylcholine receptors (NAChRs) are expressed in the hippocampus, &ghiyoj et al. 1994; Séguéla et al. 1993; Wada et al. 1989). In fell
their functional roles are beginning to be delineated. The effect lure rat hippoca'mpal neurons expre'ss three types of nicotirgt

nAChR activation on the activity of both interneurons and pyramid L
neurons in the CA1 region was studied in rat hippocampal slices.(gibmentS (Alkondon and Albuquerque 1993). The vast majority) @

CAL stratum radiatum with muscarinic receptors inhibited, local pre§1€Se neurons, however, display a rapidly activating and desg e
sure application of acetylcholine (ACh) elicited a nicotinic current ifizing Type IA current, which is sensitive t@-bungarotoxin and | &
82% of the neurons. The majority of the ACh-induced currents weraethyllycaconitine (MLA). The pharmacology indicates that thex
sensitive to methyllycaconitine, which is a specific inhibitoreaf-  Type IA current is mediated by7-containing nAChRs (Alkon-
containing nAChRs. Methyllycaconitine-insensitive nicotinic currentdon et al. 1994; Zarei et al. 1999). That interpretation was verif
also were present as detected by a nonspecific NnAChR inhibitor. Tiyecause Type IA currents are absent from hippocampal neu
ACh-sensitive neurons in the s. radiatum were identified as GABAQ)grived froma7-null mutant mice (Orr-Urtreger et al. 1997). A
gic interneurons by their electrophysiological properties. Pressyg, o rare current with slower kinetics in hippocampal cultures

application of ACh induced firing of action potentials+#v0% of the P . )
interneurons. The ACh-induced excitation of interneurons could iﬁ?”ehd tge Typeh_llhcurrent, tantq It s fmhlblted Iby -dlhy(ﬁe t2
duce either inhibition or disinhibition of pyramidal neurons. Th&'Ythroidine or high concentrations of mecamylamine. Mutz

inhibition was recorded from the pyramidal neuron as a burst Bjice lackingB2 do not display Type Il NAChR currents (Zoli €

GABAergic synaptic activity. That synaptic activity was sensitive tgl. 1998). )
bicuculline, indicating that GABA receptors mediated the ACh- Recent advances have begun to reveal the functional role

induced synaptic currents. The disinhibition was recorded from ti&AChRS in the hippocampus. The high calcium permeability
pyramidal neuron as a reduction of spontaneous GABAergic synaptite «7-containing nAChR (Castro and Albuquerque 199
activity when ACh was delivered onto an interneuron. Both thRathouz et al. 1996; Séguéla et al. 1993) enables it to enhg
inhibition and disinhibition were sensitive to either methyllycaconithe release of both glutamate and GABA via presynaptic
tine cir mecamylamine, |nd|cat|ngf] th?ht ac'[f!fvattlonT(?]f nlcotlnlcltreC(;pto eterminal mechanisms in the hippocampus (Alkondon et
on interneurons was necessary for the effects. These results show . . ; ; . ;
_nAChRs are capable of regulatin_g hippocampal_ cir_CL_Ji_ts by exci_ti 179,9(3ra)6et %l' 1)996’ R?dhd'ffe and IDanl 19953' R.add'{fe
interneurons and, subsequently, inhibiting or disinhibiting pyramiddi" : ). On the basis o t. ese results, a pre omlnant'y f
Neurons. synaptic role has been assigned to the hippocampal nico
receptors. Recently, however, fast nicotinic synaptic trans
sion and somatic and postsynaptic nicotinic responses ha
been discovered on hippocampal interneurons (Alkondon e{ &,
1998, 1999; Frazier et al. 1998a,b; Hefft et al. 1999; Jones il
Nicotinic acetylcholine receptors (nAChRS) play roles in modrakel 1997; McQuiston and Madison 1999). These resylts
ulating cognitive functions, including learning and memorguggest that postsynaptic nAChRs might influence hippocgm-
(Levin and Simon 1998). Nicotine administration facilitates learmpal circuits via GABAergic pathways. The aim of the pres
ing and memory on many behavioral tasks in both young and atlidy was to determine whether nicotinic activation of CA1
mammals, and some of the improvements suggest the hippocarterneurons has the ability to produce inhibition or disinhiqi-
pus is one target for nicotinic modulation (Arendash et al. 1996on of pyramidal neurons. We found that exogenous activat{on
Levin and Torry 1996; Socci et al. 1995). of interneurons by a nicotinic agonist can inhibit CA1 pyra-
The hippocampus is a center for learning and memory andnigdal neurons via GABA synaptic activity or disinhibit py
especially important for spatial learning (Eichenbaum 1996; Wilamidal neurons by reducing spontaneous GABgynaptic
son and McNaughton 1993; Wood et al. 1999). The hippocampativity.
receives extensive cholinergic innervation from the medial sep-
tum-diagonal band complex (Alonso and Amaral 1995; Woo’u
1991; Yoshida and Oka 1995), and there is strong expression 0
Slice preparation and electrophysiology

The costs of publication of this article were defrayed in part by the payment ) .
of page charges. The article must therefore be hereby marked “advertisementSprague-Dawley rats (16—30 day old) were anesthetized wit
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. = mixture of ketamine (42.8 mg/ml), xylazine (8.6 mg/ml), an
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acepromazine (1.4 mg/ml) at a dosage of 0.05 ml/10g and were A
decapitated. Coronal or horizontal slices (300—400 thick) were

cut in ice-cold cutting solution of the following composition (in mM):

220 sucrose, 2.5 KCI, 30 NaHGD1.25 KH,PQ,, 10 dextrose, 7

MgCl,, and 1 CaCJ, bubbled with 95% @5% CO,. Slices were

transferred into a holding chamber, containing the external solution

(in mM): 125 NaCl, 2.5 KClI, 25 NaHCQ 1.25 KH,PQ,, 25 dextrose,

1 MgCl, and 2 CaCJ, oxygenated with 95% ©5% CO,. After a

30-min recovery at 35°C, slices were maintained at room temperature

and were used for recording in the following 5 h.

Neurons in CA1 stratum radiatum were recorded at 32—34°C, but
CAL1 pyramidal neurons were recorded at room temperature to reduce B
spontaneous GABAergic activity. In all of the experiments, 0.pVL
atropine was added to the external solution to block muscarinic
acetylcholine receptors. We use the term “block” rather than “inhibi-
tion” in these circumstances to prevent confusing receptor inhibition
and GABAergic-mediated inhibitory synaptic currents. When
GABAergic currents were recorded from CA1l pyramidal neurons,
6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX, 28) and
(£12)-2-amino-5-phosphonovaleric acid (AP-5, M) were added
to block glutamatergic activity. To record from interneurons, the
internal solution in the recording pipettes contained the following (in
mM): 115 K-gluconate (KGlu), 20 KCI, 10I-2-hydroxyethylpipera-
zine-N’'-2-ethanesulfonic acid, 10 ethylene glycol-i8sagninoethyl
ether)N,N, N’,N’-tetraacetic acid (EGTA), 4 ATP (magnesium salt),

s. |l.-m.

0.3 GTP (sodium salt), and 7 phosphocreatine, adjusted to pH 7.3—7.8¢- 1. Arrangement of the recording pipette (R) and the agonist puf

with KOH. Normally the distribution of chloride makes GABAergicp'ggttr‘z((:Ezd'géh\?v}?i'lgpggzrﬁloﬁﬁé Ei%?;t'w;esrni:rsosz;(g ZtéﬁtvléTe&a?ﬁguum
synaptic act|V|ty_ difficult to dEtECF when the_ holding potential of th. uffer pipette onto the son}*/la of the recorded neupEbrpyramidal neuron in s.g
voltage clamp is near the resting potential because that holdifi¢amidale was recorded while ACh was pressure-applied by a puffer pip
potential is also near the reversal potential for chloride. To make t§go an interneuron in s. radiatum. a, alveus: s.0., s. oriens; s.p., s. pyrami
GABAergic synaptic currents in CAl pyramidal cells easier to detegiy., s. radiatum: s.l.-m., s. lacunosum—-moleculare.

115 KGlu and 20 KCI were replaced by 135 CsCI to raise the

intracellular CI" while also improving the space clamp. Under conthe patch-clamped pyramidal neuron. The puffer usually poin

ditions of high intracellular CI, however, GABA, activity could directly onto the single visualized interneuron, and the agonist \

depolarize the cell and thus activate voltage-dependent regeneragilgted and spread with time as it was washed away in the bath.

currents in unclamped distal dendrites. To minimize this problearrangement optimized activation of the interneuron’s soma, but ot
while keeping chloride relatively high, in 18 experiments, 7%ocal areas would experience a slower raise of a lower ACh cong
CsCH;SO; and 60 CsCl replaced 115 KGlu and 20 KCl and lidocaingation. The injection pipette was arranged to parallel the pyrami
N-ethyl bromide was added to inhibit voltage-dependent sodium cuell layer to avoid ACh application directly onto or near the patc
rent. When antagonists (MLA, mecamylamine, bicuculline, tetrodetamped pyramidal neuron’s soma. This application method is m
toxin) were used, they were applied via bath perfusion. The solutifester and focal than other application methods because the puffe

flowing rate was adjusted to-3 mi/min. be placed into the slice, very near the target, and brief presquge

The patch-clamp recording pipettes had resistances of 224vilen  applications are used to produce the desired effect.
filled with the internal solution. Data were acquired with an Axopatch A picospritzer (Parker Instrumentation) was used to control
amplifier and stored on an hard drive. Series resistance and input rgsigssure and duration of the puffs that deliver the agonist. Whe
tance were monitored by injecting a small negative voltage or current sigfort (5-20 ms) puff was used, the injection pipette was positio
throughout the experiment. Series resistances were usually in a range 06 um away from the interneuron’s cell body and a pressure of
5-30 MQ and were left uncompensated. Data were discarded if serigs§ was used. When a longer (50 ms to 1 s) puff was used,
resistance or input resistance changed=3p%. injection pipette was positioned 50—§@n away and a pressure of 3
psi was used. Control experiments were performed to examine po
Recording sites and local delivery of agonists tial artifacts due to the puffing system. When external solution cg
taining no agonist was puffed onto the soma, there was no resp
Figure 1 shows the locations of the recorded neurons and tiweder our recording conditionsa (= 30). However, if the puffer
arrangement of the recording pipette (R) and the “puffer” pipette (R)ipette was too close to the recording pipette and a long puff v
By pressure injection, the puffer pipette locally delivered the agoniapplied, it could influence the whole cell seal. In that case, a slow
(ACh) to a desired location. We used two recording paradigms. Atsegular current was seen in 3 of 14 neurons. Neurons were reje
shown in Fig. 1A, neurons located in the CAL s. radiatum 100-3@( slow, irregular current was observed during the pressure appl
nm away from the pyramidal cell layer were recorded, and ACh waien, and we did not position the puffer pipette close to the cell duri
locally delivered onto their soma. Most of these neurons were iddibng agonist applications.
tified as interneurons based on their electrical properties. Some re-
corded neurons in this paradigm were located near the border betweg{ig analysis
s. radiatum and s. lacunosum-moleculare. In the second recording
paradigm (Fig. 1B), ACh was applied locally to an interneuron while All the values are presented as meanSE. Positive and negative
recording from a pyramidal neuron. ACh often was applied to severalrrent steps were injected and voltage responses were recordg
interneurons in the s. radiatum before we recorded a response fromcaharacterize electrophysiological properties of the recorded neu
pyramidal neuron that was whole cell clamped. In this paradigm, tResting membrane potentials were estimated within 5 min after
interneuron was located 50—4@@n lateral and>100 um vertical to tablishing the whole cell recording configuration. Current ste|
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(300-ms duration) that were smaller than the threshold required to A

induce action potential were injected, and input resistances were control MLA washout
calculated by dividing the steady-state voltage responses by the in- Ach Ach Ach
jected currents. Action potentials elicited at threshold were used to e anes

determine fast afterhyperpolarization-potentials (AHPs). Fast AHPs
were calculated as the difference between the most negative potential

. . . . . 200pA
immediately after an action potential and the threshold potential. % :
Firing frequencies and slow AHPs were determined from the action ms
potential train with the maximum number of action potentials that control MLA MEC

ici - — ACh ACh ACh
could be elicited by a 1-s current step (200—1,200 pA). Slow AHPs X \C \C

were calculated as the most negative potentials after the action po-
tential train relative to resting potentials. Negative current steps (300
ms, 100-500 pA) were injected to determine sag ratios, which were _110 A
calculated from the most negative membrane potential divided by the = P
steady-state potential in response to the injected negative current.

The charge transfer in pyramidal neurons induced by GABA
receptor synaptic activity was calculated to quantitate the inhibition
induced by ACh application (as in FigB}. The charge was integrated control MLA washout
through the whole current trace (2 s). The average net charge trans- il !
ferred by ACh-activated GABA receptors was calculated as the
difference between the average ACh-induced charge transfer and the
average charge transfer without ACh application. The ACh applica-
tion was taken to have produced a significant difference in the calcu- Ch ACh
lated charge transfer based on the Studentest (P<< 0.05). 1s

FIG. 2. Local puffer application of ACh onto the soma of s. radiatum

interneurons activated nicotinic ACh receptor (nAChR) currents. Neurd
were voltage-clamped near their resting potentials—&0 mV. A: ACh-
. L éﬂuced methyllycaconitine (MLA)-sensitive or mecamylamine-sensitive ¢
The results are based on our recordings from 31 pyram!dn ts. A fast current response to a 5-ms puff of 1 mM ACh was blocked by
neurons and 88 neurons in the s. radiatum of the CA1 regi®m MLA and recovered after washout (top)., time at which ACh was
applied. A relatively slow current response to a 500-ms puff of 1 mM ACh W

. L . partially blocked by 20 nM MLA and completely blocked by 25M
ACh-induced nicotinic currents from neurons in the CAL  mecamylamine (bottom: 1-s puffer application of 20M ACh induced an

s. radiatum interneuron to fire action potentials. MLA (20 nM) reversibly blocked th
voltage responsa, duration of the agonist application. Bicuculline (aM)

Of the 88 recorded neurons in s. radiatum, 72 (82%) digas present to block GABAreceptors.
played a nicotinic response to a somatic pressure application of ) _ L
ACh (0.2-1 mM; Fig. 2). As described in the following text NMAChR subunits other than7 can contribute to thg nicotinic
the ACh-sensitive neurons were identified as GABAergic ifsurrents; however, most nAChRs on CAl s. radiatum int
terneurons. In response to a brief (5-20 ms) application of’§urons are MLA sensitive and contain e subunit.
high concentration (1 mM) of ACh, a fast activating current, 10 €xamine the possible contribution from glutamate rece
with a profile similar to Fig. 2A, top, usually was recorded©rs to the current response, the effect of CNQX and AP-5
When a longer application (200 ms to 2 s) was used, 37 of ¥gsted on five neurons. Bath application of CNQX«25 and
neurons displayed a fast current with rapid desensitizationAlP-5 (5QuM) did not significantly change the amplitudes g
neurons responded with a slow current with relatively slowépe ACh-induced currents (9%3% of control, P = 0.47,
kinetics (Fig. 2Abottom), and 4 neurons showed a current witRtudent'st-test,n = 5). Therefore the recorded ACh-induce
both the fast component and the slow component. The kinetfd4rents were not significantly contaminated by glutamater
of the fast current is similar to the Type IA current, and theurrents arising from glutamate release induced by presyna
slow current is similar to the Type Il current in hippocampd!AChRs (Radcliffe and Dani 1998). _ _
cell culture (Alkondon and Albuquerque 1993). Although at ACh application caused action potentials to be fired
least two types of current were recorded, the fast current wag0% (50 of 72) of the identified interneurons. In mar
the predominant response to the ACh application in the CA1/8terneurons, the firing was strong and lasted for seconds
radiatum. response to a 1-s application of ACh (0.2—1 mM). In the thr

To determine whether the NAChRs on CA1 interneurof€urons we tested, the ACh-induced action potential tra
containa7 subunits, MLA sensitivity was tested with 23 neuWere inhibited by 20 nM MLA (Fig. B, n = 3). This result
rons. The ACh-induced currents from 20 interneurons weliddicates that stimulation of nAChRs can elicit trains of actig
blocked by bath application of 20 nM MLA, and the currentgotentials in s. radiatum interneurons.
recovered after a 35-min washout (Fid\,20p). The block was

fast and complete. In 2 of 23 interneurons, there were slowgth-sensitive and -insensitive neurons in the CA1 s.

nicotinic currents that were completely blocked by 20 nMadiatum displayed different electrophysiological propertieg
MLA. In 3 of the 23 neurons, however, there were slower

RESULTS

nicotinic currents that were not completely blocked by 20 nM Although the majority of the neurons in CAl s. radiatum

MLA, but that current was inhibited by 26M mecamylamine responded with a nicotinic current, there were 16 neurg
(MEC) (Fig. 2A, bottom). Mecamylamine at that concentratiof18%, n = 88) that did not respond with detectable nicotin
is a nonspecific inhibitor of NAChRs. The result suggests thagrrent when ACh was pressure-applied onto their somas.
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A ACh-sensitive pyramidal neuron. A cesium-based solution was used in the

‘ recording pipettes, and the intracellular Gloncentration was
raised to 135 or 60 mM to amplify the GABAmediated
current. The same intensity of response by the GABAergic
interneurons would be elicited regardless of the solution ins|de

Lf the pyramidal neuron, but we would not easily measure the
|50mV Somv effect with physiological solutions because the resting potenfial
200ms 500ms then would be near to the Clreversal potential.

A total of 47 pairs of interneurons and pyramidal neurops
were examined. In 14 pairs (30%), application of ACh (0.%—
1 s) onto the interneuron induced a burst of synaptic current in
the pyramidal neuron in the presence ofi28 CNQX and 50
uM AP-5 (Fig. 4A). Under our experimental conditions, tHe
synaptic currents were inward when the neurons were clamped

50mv 50mV at —50 mV. The duration of the responses varied from seco
T00ms S00ms to tens of seconds. The longer GABAergic activity may haye
Fic. 3. ACh-sensitive and -insensitive neurons in CA1 s. radiatum di€lf!S€N from activation of more than one interneuron by the

sensitive neuron to a 300-ms current step with intensities%0, 50, and 60 blocked reversibly by 1QuM bicuculline in all of the five

PA, respectively (left) and to a 1-s step of 650 pA (rigi) voltage responses tegted pairs (Fig. 4Ac), indicating that the inward currents w
of an ACh-insensitive neuron to a 300-ms current step with intensities ﬁﬁediated by GABA receptors

- 1 nd 1 A, r tively (left) and to a 1-s st f A (righ
Rgggénsogé ?Jf (tjhesggh-’sg:SESe re1gu(r§ng 2r2 i?ldeilcatisvse ?)? gfggeprgi((: i?lter- Summarized in Fig. B are the data from the pairs where t
neurons. pyramidal neurons responded significantly to the ACh puff
onto the interneurons. If the pairs were connected, ACh ap B
compared the electrophysiological properties of the ACh-segation onto the interneuron generated GABAergic synapt
sitive and -insensitive neurons. The voltage responses to cativity in pyramidal neurons as indicated by the large amo
rent injections of a typical ACh-sensitive and a typical AChef charge transferred by the GABAreceptors. The ACh-
insensitive neuron in the s. radiatum are shown in Fig. 3. Theduced responses showed large neuron to neuron variabj
electrophysiological property of eight ACh-responding neossibly because of variations in the strength of the connecj'

it

IS Ul

rons and four ACh-insensitive neurons are summarized tetween the interneuron and the pyramidal neuron. The
Table 1. The ACh-sensitive neurons had significantly largebrded ACh-induced responses were larger when the pyr

Ahap

fast-AHP, higher firing frequency, and higher input resistancgal neurons were perfused by patch electrodes containing [185
There was no significant difference in the resting potential, theM CI~ as compared with 60 mM CI(Fig. 4B). <
sag ratio, or the slow-AHP between the two cell types. The g
electrophysiological characteristics displayed by the ACh-seNicotinic pharmacology of the ACh-induced GABAergic | ©
sitive neurons indicate they were GABAergic Interneuronsynaptic activity N
(Lacaille et al. 1987; Schwartzkroin and Mathers 1978). The ) N . o S
ACh-insensitive neurons, on the other hand, displayed muchMLA (20 nM) is a specific antagonist o&7-containing | &
smaller fast-AHP, lower firing frequency and lower input refAChR, and at a concentration of 281, mecamylamine is af 2
sistance. Therefore the ACh sensitivity distinguishes two typggnspecific NAChR antagonist. In three of four experiments;
of neurons in the CA1 s. radiatum. ACh-induced GABAergic synaptic currents recorded from pys
ramidal neurons were blocked by MLA (FigA suggesting [ —~

ACh application onto interneurons can produce direct macgnrgoe?;pr:fifnoenlieshc\;vv%?/érr]Itﬁfg fg’[;%rgﬁzg:lr;gb??cizss{heg
: it : , , =)

GABA, receptor-mediated inhibition of pyramidal neurons ACh-induced GABAergic response recorded from the pyram'rj
We examined how the ACh-induced excitation of internewal neuron (Fig. 5B). After the GABAergic response recovered

rons affects pyramidal neurons using the recording paradigrom the MLA blockade, it was abolished completely by tHe
shown in Fig. 1B. When ACh (0.2-1 mM) was applied onto asubsequent application of mecamylamine (FiB).5The latter
interneuron in the s. radiatum, strong inhibition could be rexperiment indicates that both7-containing and nomw<7
corded in nearby pyramidal neurons. Special care was takemfChRs were activated and were capable of contributing dig-
avoid ACh application directly onto or near the patch-clampedficantly to the ACh-induced GABAergic activity.

TABLE 1. Electrophysiological properties of ACh-sensitive and -insensitive neurons in CA1 stratum radiatum

Firing Input
Resting Frequency, Fast-AHP, Resistance, Slow-AHP,
Cell Type n Potential, mV Hz mV Sag Ratio MQ mV
ACh-sensitive neurons 8 -60.8+ 2.1 100.8+ 8.2 —-142+1.2 0.82+ 0.03 390+ 37 —-7.0x14
ACh-insensitive neurons 4 —625* 15 58.4+ 4.4 -1.9+0.3 0.75+ 0.01 139+ 12 —-4.6+ 0.6
P value* 0.570 0.001 <0.001 0.107 <0.001 0.138

Values are means SE. *P values are the results of Studenttest.
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A a spontaneous B
's

600
n=7 CJspon produced GABA-mediated inhibition of pyramidal neurons
b control M Ach 6-cyano-7-nitroguinoxalene-2,3-dione (CNQX, 28) and (+12)-
2-amino-5-phosphonovaleric acid (AP-5, p1) were present in
— ACh the bath solutionA: 1-s application of 20@M ACh to a s. radiatum
interneuron elicited a bicuculline-sensitive current in a pyramid
400 - § neuron. A C$-based internal solution containing 60 mM Clvas
used in the recording pipette. Membrane potential was clamped
—50 mV. a: 2-s trace of spontaneous activity without ACh appl
cation.b: current response of the pyramidal neuron while 200
ACh was being applied to the s. radiatum interneuorblockade
of the ACh-induced response by 1M bicuculline.d: recovery of
the ACh-induced response after a 5-min washout of bicuculine|
duration of the ACh application onto the interneurdt. ACh-
application onto interneurons induced GABActivity in pyramidal
d washout neurons. ACh-induced GABAmediated charge transfer average
ACh from 7 pyramidal neurons recorded with 135 mM internal @hd
from 3 pyramidal neurons recorded with 60 mM internal” Cin
these experiments, 2Q0M ACh was applied for 1 s. For compar-
0 ison, the average charge transfer is also shown for the spontang
135mM CI- 80mM CI- traces (spon) obtained without applying ACh.

n=3

¢ bicuculline
ACh

L v 200 A

Charge (pC)

400pA
500ms

Pyramidal neuron responses arose directly from ACh- activity recorded from the pyramidal neurons arose from th

induced interneuron action potentials direct excitation of GABAergic interneurons by nAChRs.

We studied the TTX sensitivity of the ACh-induced Ch-induced int tivit d disinhibiti
GABAergic synaptic currents measured from pyramidal ne@‘ic -in L!gel interneuron aclivity can produce disinnibition
rons. Bath application of 0.aM TTX blocked the GABAergic Of pyramidal neurons
synaptic activity induced in pyramidal neurons by ACh appli- During most of this study, we recorded from pyramid
cation onto interneurons (Fig. 6,= 3). The synaptic responseneurons with low spontaneous GABAergic activity. Und
recovered after washout of TTX for 30 min. The data indicattose conditions, the most common effect of the ACh appli
that action potentials arising from the interneurons were réen onto interneurons was GABAmediated inhibition of the
quired for the ACh-induced effect. Under our experiment@yramidal neurons. However, we also recorded a disinhibit
conditions, the results suggest that the GABAergic synapt€ one pyramidal neuron (Fig. 7) that displayed strong spq

A B a spontaneous
Y t T YT I st
a  spontaneous FiIG. 5. Nicotinic antagonists blocked thej
ey e AL A e ACh-induced GABAergic synaptic activity re-
b control corded from pyramidal neurons. CNQX (25
ACh uM) and AP-5 (50uM) were present in the

—r i T bath solution. Patch-pipette solution containe
r . ” [ 60 mM CI". A ACh-induced effect recorded
b control from a pyramidal neuron was blocked by 2
nM MLA. a: trace of spontaneous GABA ac-
¢ MLA tivity. b: response recorded from the pyramidg
SIS e ey ooy neuron while ACh (1 mM) was pressure-ap
W [ T plied to an interneurorc: blockade of the re-
sponse by 20 nM MLAd: partial recovery of
¢ MLA the response after washout of MLB: ACh-
ACh Ach d  washout induce effect recorded from another pyramida
e aan e ' s Aaau S s A neuron was blocked partially by 20 nM MLA

T [ r ' but was blocked completely by 2mM
mecamylaminea: trace of spontaneous GABA

ACh

activity. b: response recorded from the pyramit

: dal neuron while ACh (1 mM) was pressure
I
ACh d washout ACh ¢ mecamylamine applied to an interneuron: partial blockade of
— i the response by 20 nM MLAd: recovery of

the response after washout of MLA. com-
plete blockade of the response by 28/
i mecamylaminef: partial recovery of the re-

200pA |
ACh f washout sponse after washout of mecamylaminedu-

0.5 Y ration of the agonist application.
{ I400pA

2s

FIG. 4. ACh applied to interneurons in the CAl s. radiatun
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A spontaneous B control
ACh
C mx D washout
ACh ACh

o w Lamat L

potential. In that case, however, the GABActivity would not
be observed as the inward currents shown in Figs. 4—7. The
results of this work show that nAChR activity on interneurons
has the capacity to produce pronounced inhibition or disinhi-
bition in pyramidal neurons. Thus nicotinic receptors in the
CA1 region have the ability to influence the activity of hig-

pocampal circuits.

ACh-sensitive and -insensitive neurons in CA1 s. radiatum|

In all of our experiments, muscarinic receptors were inhip-
ited by atropine. ACh application induced nicotinic currents jn
the majority (82%) of s. radiatum neurons (also see Alkondon
etal. 1998, 1999; Frazier et al. 1998a,b; Hefft et al. 1999; Jopes
and Yakel 1997; McQuiston and Madison 1999). ACh-seni-
tive and -insensitive neurons in CAl s. radiatum displaygd
distinctive electrophysiological properties. ACh-sensitive nqu-

|200pA
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rons was TTX sensitive. CNQX (2BM) and AP-5 (50uM) were present in

the bath solution, and 60 mM Clwas included in the patch pipetta: trace Mathers 1978). The ACh-insensitive neurons, on the ot
of spontaneous GABA activityB: response recorded from the pyramida@nd, had a low firing frequency, a small fast-AHP, and
neuron while ACh (1 mM) was pressure-applied to an internew@oblockade lower input resistance. Most ACh-insensitive neurons electy
of the ACh-induced response by Qu81 TTX. Also note that TTX blocked the phl}/siologically resemble a cell type referred to as s. radiat

spontaneous, action-potential-dependent synaptic currents but not the smal
currents arising from the quantal release of GABArecovery of the response
after washout of TTXmw, duration of the agonist application.

taneous GABAergic activity in the presence of CNQX and
AP-5. A 1-s pressure application of ACh onto an interneuron
potently reduced the spontaneous GABAergic activity. The
spontaneous activity recovered from the ACh application in a
few seconds. Bath application of 20 nM MLA patrtially blocked
the ACh-induced reduction of spontaneous GABAergic activ-
ity. After MLA was removed from the bath and the effect
recovered, subsequent application of 281 mecamylamine
totally blocked the ACh-induced disinhibition. Finally, the
spontaneous activity was completely abolished by (i
bicuculline, indicating that it was mediated by GABAecep
tors. These results suggest that activation of nAChRs on s.
radiatum interneurons also can disinhibit pyramidal neurons by
reducing tonic GABA, receptor mediated inhibition.

DISCUSSION

Nicotinic responses were recorded from interneurons located
in the CALl s. radiatum. The majority of the currents evoked by
ACh were MLA sensitive, indicating that most of the nAChRs
contain thea7 subunit. In the s. radiatum of the CAL region,
the ACh-sensitive neurons were GABAergic, and most of them
fired action potentials in response to ACh application. Local-
ized ACh application onto interneurons produced TTX-sensi-
tive, GABA, receptor-mediated inhibition of pyramidal neu

rons. The ACh-induced inhibition was mostly mediated by Fic. 7. ACh applied onto an interneuron in the CA1 s. radiatum produded

_ i _disinhibition of a pyramidal neuron. CNQX (28M) and AP-5 (50uM) were
a7-containing NAChRs and, to a lesser degree’ by i present in the bath solution, and 60 mM Qlas included in the patching
: A pipette.a: trace of spontaneous GABA activity recorded from the pyramidal
ing and none7 receptors could produce disinhibition of pyraneuronb: reduction of the spontaneous GABAergic synaptic activity produckd
midal neurons by suppressing tonic GARAactivity. Our by pressure application of ACh (1 mM) onto an interneuron in CAL fs.

experimental conditions enabled us to observe the GABAer%:@iatum.c: partial blockade of the ACh-induced reduction by 20 nM MIdA.

nAChRs. Our data also indicate that activatiomm@fcontain-

activity as an inward current. With lower internal chloride, th
same number of GABAreceptors would open to hold the cell

rons displayed electrical properties indicative of GABAerg
interneurons: high firing frequency, large fast-AHP, and hi
FIG. 6. ACh-induced GABAergic activity recorded from pyramidal neUinput resistance (Lacaille et al. 1987; Schwartzkroin a
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ecovery of the ACh-induced reduction after washout of MieAblockade of

e ACh-induced reduction by 2aM mecamylamine f: blockade of the
pontaneous activity by 1AM bicuculline. s, duration of the agonist appli-
near the chloride reversal potential, which is near the restisggion.
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giant cells (Maccaferri and McBain 1996). Similar to pyramieauses the inhibition, and activating nAChRs on those in
dal neurons and different from other cell types in this regiomeurons that innervate other interneurons causes the disinfibi
this cell type is capable of undergoing direct long-term potetion. ACh activation of interneurons that then inhibit othér
tiation (LTP). Although most neurons in this region are idernterneurons would release some pyramidal neurons from s¢mg
tified as GABAergic neurons by glutamic acid decarboxylasst their inhibitory inputs (i.e., disinhibition). Such an indireqt
immunoreactivity (Ribak et al. 1978; Woodson et al. 1989), Wgxcitation of pyramidal neurons is supported by a study that

are a small percentage of excitatory pyramidal neurons djSterneurons (see Alkondon et al. 1999).
placed into the nearby s. radiatum.

Subtypes of nicotinic receptors in the hippocampus Roles of nAChRs in learning and memory

Our results suggest that the major subtype of nAChR onOne possible role for NnAChRs is to influence synaptic plgs-
CA1 s. radiatum interneurons arel27-containing receptors. ticity in the hippocampus. LTP and long-term depressipn
Hybridization studies indicated thatl27 andB2 are widely (LTD) are candidates for the cellular mechanism of learnipg
expressed and that other subunits also are present in the bipd memory. Postsynaptic depolarization is required for
pocampus (Rubboli et al. 1989; Wada et al. 1993). In ceHin forms of hippocampal LTP (Larkman and Jack 19

variable and may not always reveal the true kinetics, especi disinhibit pyramidal neurons. Therefore nAChRs have

é(pacity to influence LTP/LTD by activating interneurons a cg
when the kinetics are fast. Sensitivity to selective antagonis : . ) .
such as MLA, is a better method t{) determine the r?ACh. ereby, decreasmg or increasing _the postsynaptic depolafiza
subtype. In odr experiments, only 3 of 23 neurons showe ign of the.pyram|dal neurons. This modulatory mfluencz_e
slow residual current after the MLA blockade. These findind¥*ChRs will depend on the strength, timing, and connectivft

are consistent with other studies (Alkondon et al. 1999; Frazi& the interneurons excited by nicotinic activity. =)
et al. 1998b: McQuiston and Madison 1999). When pyramidal Another possible role for nAChRs is to affect the rhythm @

neurons were recorded and ACh was applied to the intern@glivity in the hippocampus. One prominent property of hips

rons, MLA-insensitive effects were observed in two of fiv@0campal circuits is the production of different rhythmic op<S
connected pairs. cillations. Theta rhythm (4-12 Hz) and gamma activity (44<

100 Hz) often occur during paradoxical sleep or while awakg
ats explore their environments (Chrobak and Buzsaki 19p%

anderwolf 1969). These rhythms provide important windo
for synaptic plasticity underlying learning (Huerta and Lism

Interneurons in the s. radiatum impose powerful inhibitiod993, 1995). It is also known that hippocampal interneur
on pyramidal neurons (Sik et al. 1995). There are several typae important for pacing the rhythmic oscillations, which
of interneurons in this region that play different roles in hipmodulated by septal inputs (Csicsvari et al. 1999; Dragoi et|d
pocampal circuits (Freund and Buzsaki 1996; Miles et al999; Freund and Buzsaki 1996; Stewart and Fox 1990y,
1996). Basket cells and axon-axonic cells mainly innervate tB@cause nicotinic activity can directly excite interneurons,
soma, the proximal dendrites, and the axon initial segments(afkondon et al. 1998; Frazier et al. 1998a; Hefft et al. 199 %
principal neurons. Many interneurons in s. radiatum innervag@dd exert inhibition or disinhibition on principal neuron
distal dendrites, whereas some interneurons only innerva{&ChRs could influence the rhythmic activity of the hig-
other interneurons. Because the majority of interneurons in thjscampus. Although CA1 interneurons and pyramidal neur
region responded to ACh application, many different types gfay be capable of producing intrinsic theta oscillation (Chgp-
interneurons could be activated by NAChRs. Thus the mOCh:\an and Lacaille 1999; Leung and Yim :]_99:]_)7 they need tolbe
lation of hippocampal circuits by nAChRs could be compligriven near the firing threshold to generate the oscillation. The
cated and varied. Our study demonstrates that local applicatigitatory nAChRs on interneurons have the capacity to depo-
of ACh onto interneurons can cause both inhibition and disifgrize the interneurons toward their firing threshold and to driyve
hibition of pyramidal neurons. The ACh-induced inhibitiorthe pyramidal neurons back toward their resting potential.|In
and disinhibition were mediated by the direct excitation ghis way, nAChRs could influence the rhythmic activity in the

interneurons by mainly somatic nAChRs, but our recordingippocampus and participate in synaptic mechanisms undgrly-
paradigm could not prevent the agonist from reaching somfy learning and memory.
preterminal or presynaptic NAChRs. The location of our ago-

nist puffer very near the interneuron soma and the TTX sen- . d by National Insti  Hoalth NS.219b
sitivity of the effect argue that somal nAChRs were the primary, e, avr\]/gstX_plpzcgg y National Institutes of Health Grants NS-2129,
site of action in this study. Most probably, activating NAChRS address for reprint requests: J. A. Dani, Div. of Neuroscience, Baylor

on those interneurons that directly innervate pyramidal neurodalege of Medicine, One Baylor Plaza, Houston, TX 77030-3498.

Inhibition and disinhibition of pyramidal cells by nAChRs o
interneurons
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