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Hasselmo, Michael E. and Brian P. FehlauDifferences in time firing patterns suggest that a function of theta rhythm could be
course of ACh and GABA modulation of excitatory synaptic poteng provide phasic changes in cholinergic and GABAergic mod-
tials in slices of rat hippocampus. Neurophysiol86: 1792-1802, ulatory effects within the hippocampus. However, phasic

2001. Activation of muscarinic receptors and GABAeceptors . :
causes presynaptic inhibition of glutamatergic synaptic potentials anges in modulatory state would require modulatory effects

excitatory feedback connections in cortical structures. These effettét are sufficiently rapid to increase and decrease within the
may regulate dynamics in cortical structures, with presynaptic indime course of a single theta cycle (100-300 ms).

bition allowing extrinsic afferent input to dominate during encoding, What types of modulatory effects could be induced by
while the absence of presynaptic inhibition allows stronger excitatogholinergic and GABAergic innervation? Activation of both
feedback during retrieval or consolidation. However, proposals forgresynaptic muscarinic acetylcholine receptors and presynaptic
functional role of such modulatory effects strongly depend on the tifGABA ; receptors has been shown to suppress glutamatergic
course of these modulatory effects; how rapidly can they turn off aidnaptic transmission at excitatory feedback connections in
on? In brain slice preparations of hippocampal region CAL, we hayica| structures. Activation of muscarinic acetylcholine re-

explored the time course of suppression of extracellularly record T ; .
synaptic potentials after pressure pulse application of acetylcholi?e'n ptors causes presynaptic inhibition of excitatory synaptic

and GABA. Acetylcholine causes suppression of extracellular potef@tentials in hippocampal region CA1 (Hasselmo and Schnell
tials with onset time constants between 1 and 2 s, and decay constag4; Herreras et al. 1988; Hounsgaard 1978; Valentino and
ranging between 10 and 20 s, even with very brief injection pulsdgingledine 1981), region CA3 (Hasselmo et al. 1995), the

GABA causes suppression of extracellular potentials with onset tilentate gyrus (Kahle and Cotman 1989; Yamamoto and Kawai
constants between 0.2 and 0.7 s, and decay time constants f®67), piriform cortex (Hasselmo and Bower 1992; Williams

decrease to values shorter tha s for very brief injection pulses. and Constanti 1988), and neocortical subregions (Brocher et al.
These techniques do not give an exact measure of the physiologiegb2; Hasselmo and Cekic 1996). This selective presynaptic
time course in vivo, but they give a notion of the relative time cour§@pipjtion of intrinsic and feedback connections has been pro-
of the two modulators. The slow changes due to activation of m Psed to set appropriate dynamics for encoding of new infor-

carinic acetylcholine receptors may alter the dynamics of cortic ation. preventing retrieval of previously stored information at
circuits over longer intervals (e.g., between different stages of waki P g p y

and sleep), setting dynamics appropriate for encoding versus condgdPack synapses from interfering with storage of new infor-
idation processes. The faster changes in synaptic potentials causef'gion about sensory input arriving via afferent synapses (Has-
GABA could cause changes within each cycle of the theta rhyth®/mo 1995; Hasselmo et al. 1995). Removal of the suppres-
rapidly switching between encoding and retrieval dynamics durirgjon of feedback synapses would set appropriate dynamics for
exploration. retrieval mediated by these synapses (Hasselmo 1995; Has-
selmo and Bower 1992; Hasselmo et al. 1995). Transitions
between encoding with strong afferent transmission and re-
INTRODUCTION trieval with strong feedback transmission would require rela-
_ _ ) ) “tively rapid changes in modulation, as normal behavior re-
The hippocampus receives innervation from both cholifuires encoding and retrieval to occur frequently within a short
ergic and GABAergic neurons in the medial septum (see fgeriod of time. As an alternative, cholinergic modulation of
view in Stewart and Fox 1990). Neurons in the medial septuiansmission could also contribute to longer term changes
show phasic firing relative to the hippocampal theta rhythm ietween an encoding state and a consolidation state during
prominent electroencephalogram (EEG) oscillation of 3—10 highich excitatory feedback from the hippocampus to the ento-
recorded from the hippocampus in rats (Bland and ColofRinal cortex and other cortical regions is stronger than during
1993; Stewart and Fox 1990). Intracellular recording suggesgtdrieval and can drive synaptic modification in neocortical
that cholinergic neurons in medial septum tend to fire on tRgructures (Buzsaki 1989; Hasselmo 1999; Hasselmo et al.
positive phase of theta recorded at the hippocampal fissurgge; Wwilson and McNaughton 1993). Transitions between

whereas GABAergic neurons in medial septum fire on theéhcoding and consolidation only require relatively slow
negative phase of theta (Brazhnik and Fox 1997, 1999). These
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TIME COURSE OF MODULATION OF TRANSMISSION 1793

changes in modulatory state, as consolidation only needstrsted and placed in a chilled, oxygenated solution of artificial
occur at intervals of minutes to hours. cerebrospinal fluid (ACSF). The ACSF had the following concentra-
Are the modulatory effects of acetylcholine sufficientlyions (in mM): 26 NaHCQ, 124 NaCl, 2.5 KCl, 1.2 KBPQ,, 2.4
rapid to change within a theta cycle? The time course §fCL 1.3 MgSQ, and 10 glucose. The two hippocampi from each
muscarinic modulation of glutamatergic synaptic transmissi@¥gin were surgically removed. Each hippocampus was then sliced
has not been described extensively. Most experiments on m nsverse to the septotemporal axis using a vibratome into slices of

. S b . .approximately 40Qum in thickness. These slices were transferred to
ulation of transmission utilize bath application of the agonigtj siored in a new solution of ACSF at room temperature, with a

carbachol, which is not sensitive to breakdown by acetylchgyure of 95% Q-5% CO, constantly bubbling through the solution.
linesterase. This provides appropriate data for construction oBefore any experiments were performed, the slices were allowed to
dose response curves, but does not provide information abagjust to the solution for at leas h after surgery. For experiments,
the time course of the modulatory effect. The time course thfe slices were placed on a nylon grid, in a standard submersion-type
another modulatory effect of muscarinic receptor activation halce chamber. Oxygenated ACSF, at a temperature of 36°CQ)
been described. Stimulation of endogenous acetylcholine yéas constantly perfused through the chamber (at a ratetafil/min).

|ease |n S|IC€ prepara“ons causes a SIOW postsynapuc dep(ﬁa?aturated Qenvironment was maintained over the slice by passing

ization (Benardo 1993; Benardo and Prince 1982; Cole aﬁd over the top of perfusion chamber. The slices were illuminated
grg below to allow for better visualization of the fiber and cell-body

Nicoll 1984) that increases over a few seconds and decre

. . g . rs and for better placement of electrodes.
over 1020 s. This effect is blocked by muscarinic antagonis gBi olar stimulating electrodes (from Frederick Haer & Co.) were

such as atropine. Because of these data, many researcligfg 1o administer current to the slices. The electrodes consisted of
assume that the time course of muscarinic receptor effectsyigsted strands of Teflon-insulated 0.002-in.-diam platinum-iridium
uniformly slow. However, some in vivo experiments indirectlyvire, and only the tips of the wire were without insulation. Occasion-
suggest that the muscarinic modulation of evoked synaptitty, noninsulated monopolar electrodes (from Microprobe, 1.3-1.7
potentials might undergo relatively rapid changes (Linster et 8£)) were also used. Insulated electrodes can be used to prevent
1999). Here we use brief pressure pulse applications of aggtrent spreading, but for this experiment, current spreading was not
tylcholine in slice preparations to analyze the time course {gentified as a problem. The stimulating electrodes send current pulses
cholinergic modulation of excitatory synaptic transmission. " the order of 10-25A for 100 ps.

- . ; : : . Stimulus pulses were delivered by a Neurodata SIU 90, isolated
In addition to the phasic changes in cholinergic mOdmat'OQitrrent source. The amplitude of the current could be adjusted using

Septal Input causes Inhlbltory lnterneqrpns in _hlppocamqﬁs piece of equipment. This current source was connected to a
region CA1 to show phasic changes in firing within each thejgrodata PG4000 Digital Stimulator, which controlled both the
cycle (Toth et al. 1997). In urethan-anesthetized rats, intern&ymulus duration (10Qus) and the time at which the stimulus was
rons fire most at the nadir of the theta cycle measured in thé@ministered. The recording electrode was connected to an A-M
EEG at the hippocampal fissure (Buzsaki and Eidelberg 1983stems Microelectrode Amplifier (amplification set to 1000 times).
Fox et al. 1986). In walking rats, interneurons fire most dhe amplified signal was sent to a BK Precision 2522A oscilloscope
about 50° before the peak EEG in the dentate gyrus (Fox eta{)d to an A/D conversion board where the signals were digitized_a_md
1986; Skaggs et al. 1996). This phasic firing provides thigcorded on a Gateway 2000 386SX computer using a modified
potential for phasic changes in GABA levels within a thetzustom-wrltten software program (ICEPAC, by M. Wilson, Caltech).

cycle. Changes in GABA levels could cause a number pe current was delivered 20 ms after the digital stimulator triggered
n oscilloscope sweep. The recording software also registered the

effects on the circuit properties of the network, includingeginning of a trial at the time of oscilloscope triggering.

changes in membrane potential, excitatory and inhibitory syn-Figre 1 illustrates the placement of the recording and stimulating
aptic transmission, and long-term potentiation (see Mott agctrodes in region CA1 and the dentate gyrus. In region CA1, the
Lewis 1994, for review). Among other things, activation oétimulating electrode delivered current to the Schaffer collateral fi-
GABAg heteroreceptors on glutamate presynaptic termindlsrs, which run from region CA3 to this region, synapsing in stratum
has been shown to regulate glutamatergic synaptic transmigtiatum. The recording electrode measured a field potential in stra-
sion. The GAB/A; agonist baclofen has been shown to seleim radiatum. In the dentate gyrus, the stimulating electrode delivered
tively suppress intrinsic but not afferent excitatory synaptidrrent to the perforant path fibers entering the hippocampus from the
transmission in the hippocampus (Ault and Nadler 1982; C’ﬁ?torhlnal cortex. These fibers synapse in stratum moleculare in the

. ntate, which is where the recording electrode was placed. A set of
bert and Levy 1992) and piriform cortex (Tang and Hassel electrodes was placed in either region CA1 or the dentate gyrus at one

1994). .If this modu_latlon IS ra_pld, It may prOVIde_ a means fodrme, although often experiments were performed sequentially in the

dramatic changes in the relative strength of excitatory affergily gitferent areas of the hippocampus within the same brain slice.

input versus excitatory feedback transmission across differefife desired range for potential size (height from baseline to trough)

phases of a single theta cycle. was 0.5-1.5 mV. Examples of field potentials are shown in Figs. 2
The techniques used here will not explicitly determine thand 6.

time course of muscarinic and GABA effects in vivo, but they Initial experiments attempted to obtain modulation of synaptic

provide a means for comparing the relative time course Bgtentials through stimulation of endogenous release of acetylcholine.

muscarinic and GABA receptor effects on excitatory synapt_-iEhiS_ technique has been used to study the slow cholinergic depolar-
transmission in the hippocampus. ization of pyramidal cell membrane potential (Benardo and Prince

1982; Cole and Nicoll 1984). However, multiple experiments attempt-
ing to elicit decreases in synaptic potential amplitude due to stimula-
METHODS tion of endogenous acetylcholine release were not successful in ob-
taining suppression of field potentials. Therefore we focused on
Brain slices were prepared from female albino Sprague-Dawley raésording the time course of effect of pressure pulse application of
(Charles River Breeders), 6—10 wk of age. The rats were anesthetinedromodulatory substances.
using halothane and immediately decapitated. The brains were exPressure pulse application provided an effective means of deliver-
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1794 M. E. HASSELMO AND B. P. FEHLAU

Pressure pulse were determined experimentally. The various drugs that were used in
pipette this experiment include (with concentrations listed in mM): acetyl-
choline (10), GABA (5-10), baclofen (1), bicuculline (5), phaclofen
Recording (_1—10), atropine (_1), and carpachol (10)._No§e that thes_e concentra-

Electrode tions are much higher than in bath applications (described in next

paragraph) because only small amounts were ejected locally during

each experiment. All drugs were ordered from Sigma. When more
than one substance was used, two pressure pulse glass micropipettes
were used. Both pipettes were placed very near to the recording
electrode, as discussed above. In many slices, the effects of different
durations of pressure pulse injections were measured. For some slices
many different trials were run, but only one primary drug (acetylcho-
line, carbachol, GABA, or baclofen) was used on each slice.

In addition to ejecting drugs from the pressure pulse pipette, test
substances were also placed in the solution of ACSF that constantly
flows through the slice chamber (“bath perfusion”). Using this
EC method, one drug was first ejected from the pressure pulse pipette, in

normal ACSF, and the effect of this substance was noted. Then, ACSF

Stimulating
Electrode

Stimulating
Electrode

Pressure pulse

pipette containing a different substance (an antagonist substance) would be
Recording cycled through the perfusion chamber. Another pressure pulse ejec-
Electrode tion trial was performed in the new ACSF to determine whether the

Fic. 1. Location of stimulating, recording, and pressure pulse electrodes@ffect changed as a result of the presence of the second drug in the
brain slice preparations of the hippocampal formation. For experiments ACSF solution. The purpose of this type of experiment was to more
region CAL, stimulating electrodes were placed in stratum radiatum betwegecurately administer antagonists (atropine, bicuculline, and phac-
region CA3 and region CAL1, recording electrodes were placed in stratyafen) at specific concentrations. The following drug perfusion pro-
radiatum of region CA1, and the pressure pulse pipettes were placed as clgg&)s were performedl) acetylcholine pressure pulse, atropine (5
to the recording electrode as possible. For experiments on the dentate ggwf) in bath; 2) GABA pressure pulse, bicuculline (16M) in bath:

L ; ) ;

(DG), stimulating and recording electrodes were placed in stratum molecul :
with pressure pulse pipettes placed as close as possible to the recor ﬁ 3) GABA pressure pulse, phaclofen (10-10®) in bath. Bath

electrode without disrupting the recording of potentials. sc, Schaffer collaté? lication was initiated h b_efore performanc_e of experiments, to_
als; pp, perforant path; EC, entorhinal cortex. ensure the presence of the dissolved antagonist drug in the perfusion

chamber.
ing modulatory substances to the recording site. Each experiment
involved a local ejection of a solution of ACSF containing the mod- f litude ch
ulatory agent from a glass micropipette, which was different from tHg€asurement of amplitude changes
recording pipette (which had smaller tips). This ejection was accom- . ’
plished using a multi-channel Picospritzer (General Valve). The Pi_Acomputer program was used to measure the amplitude of synaptic

cospritzer provided a pulse of gas pressure (eitheoNtompressed field potentials recorded during each experiment. Examples of field

air) to eject the substance from the glass micropipette. An air pressg %?/:ljrt]'?r!slz?re;h;::; Teci?dinz . ?Sﬁsgfﬁfgfr?mggtio% %n;glrlwttgdliigte
of 10 p.s.i. was used for all experiments. The Neurodata digital 9. S 9 P : '

stimulator also triggered the Picospritzer, and the length of the ej ac‘gran5|ent stimulus artifact occurred at the time of delivery of current

tion was directly proportional to the amount of liquid that was re‘%_seen as a vertical downward line in Fig. 2). Second, a transient negative

leased. In addition, there was an 8-ms delay from the time of trigger- . . . .

ing to the initiation of release of liquid from the pipette. Viewed under A ACh appllcatlon 1n region CAl

a microscope, individual pipettes utilized on different days released - n

very similar volumes of fluid in response to a 10-ms pressure pulse. Before 4.5 secs 60 secs
The pressure pulse pipettes were placed as close to the recording ' Y

electrode as possible. This method would assure that the substancesy

were released only in the area being studied. As a default time delay, { 1 +
pressure pulse injections were set to be 500 ms out of phase with the | | Il J Zmy
electrical stimulation inducing synaptic potentials. Thus the first syn- 10 ms

aptic potential recorded after pressure pulse injection was at a delay of
500 ms unless otherwise specified. This initial delay was manipulated

for GABA application to obtain more accurate measurements of the DB ACh application in dentate gyrus
rapid onset of modulation. r r

Before an experiment was performed, the field potential was deter- Before 4.5 secs " 60 secs
mined to be stable for a minimum of 5 min. A test solution pipette was o
then put in position. A trial ejection of solution was performed to
assure that the test solution was producing the desired effect (sup- | I J amv
pression, in most cases). If the trial ejection was successful, an | 3 L
experimental trial was begun. An experiment entailed the following . | I J0ms

procedure:l) field potentials were measured at 1 H3,at least 20 . o

control potentials were recorded before the test solution was ejectltland;'%‘nzs'yn':pft}i’éa‘:’)g?;t(i’;tshfegfoffdcéé";np;fi:tﬂ219 fa“c:isaeuf‘nﬂ%'fcﬁig‘;’;g;;%‘:ygggi%'n

3) the test solution was ejected at a specified tlmg,fﬁr’lﬂe potentla] CALl. Potentials are shown before injection, 4.5 s after pressure pulse appli-

was measured at the same rate either for a specific amount of timeQfyn of acetylcholine, and 60 s after pressure pulse application of acetylcho-

until the potential had recovered fully. The trial length ranged betwegRe. B: effect of pressure pulse application of acetylcholine on synaptic

75 and 400 s (75-400 potentials recorded). potentials recorded in stratum moleculare of the dentate gyrus before applica-
Appropriate concentrations of specific test substances in solutitom, 4.5 s after application, and 60 s after application.
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TIME COURSE OF MODULATION OF TRANSMISSION 1795

deflection occurred in the recordings. This deflection is termed a “fiber Dual exponential equation'
potential,” and it is caused by action potentials propagating down fibers :

in the area of the recording electrode. The third component of the %

recording is the excitatory synaptic field potential itself, which appeared _ _ _

as a larger, less transient, negative deflection. W(t ) — B —Z TZ___TL (e YTy — e 1 Tl)
The computer program measured the difference between the volt- TZ Tl

age at the time when the synaptic field potential reached its maximum

negativity, and the voltage at a time before the pulse delivered through ‘et . .

the stimulating electrode (baseline). This was plotted as the amplitude CHI'VG flttlng to eXperlmental data-

of synaptic potential. In the time course plots, the amplitude of

synaptic potentials are always plotted as percentage of control ampli- - 190
'Jb:b 180
o yauu
_S:) 170
108 Region CA1l = 160
8
o 150
a
o 140
o
¢ 130
=
o, 120
=
110
7
100 Ty
0 10 20 30 40 50 60 70
time (s)

0 8 16 24 32 40 pulse application of acetylcholine (100-ms pulse application of 10 mM ACh at
10 psi). Constants for the dual exponential curve are as follBws:176,z =
31.9,7, = 1.59s,7, = 13.3 s.

m’% Dentate Gyrus tude. Control amplitude was measured as the average of 20 or more

Quantification of modulatory time course

% control potential height @ % control potential amplitude >

70 ter, activation of postsynaptic receptors, and activation of postsynaptic

0 10 20 30 40 50 60

Fic. 4. Example of fitting of a dual exponential curve to physiological data
(squares). Experimental data shows change in amplitude of synaptic potentials
recorded in stratum radiatum of region CAL1 starting immediately after pressure

potentials recorded before pressure pulse application of acetylcholine
or GABA. The time course of field potential amplitude changes was
used to quantify the time course of modulation, as described below.

The onset and decay of modulatory effects on field potential am-
plitude was quantified by fitting data to dual exponential equations,
using the curve fitting function in DeltaGraph Pro3. An example of
curve fitting is shown in Fig. 4. Dual exponential equations have been
used to effectively model the time course of synaptic potentials (Otis
et al. 1993; Wilson and Bower 1992), but here we use them to model
the time course of modulatory influences on synaptic potentials (not
the synaptic potentials themselves). This provides an effective math-
ematical model useful for curve fitting. Although the dual exponential
clearly does not capture all the complexities of diffusion of transmit-

. second-messenger pathways, it allows changes in potentials to be
time (seconds) characterized by two time constants: an onset time constant, largely

Fic. 3. Amplitude measurements for synaptic potentials recorded at %
intervals (1 Hz) before and after pressure pulse applications of acetylcholiffe.

termining the onset time of the change; and a decay time constant,
gely determining the speed of return to baseline. Although the time

A time course of change in amplitude of synaptic potentials shown f§PUrse of change in amplitude of synaptic potentials due to pressure
pressure pulse applications of acetylcholine in hippocampal region CA1. Thigélse application of a modulator is longer than the time course of
different durations of pressure pulse were used (100, 50, and 25 ms). Fuatage change within a single synaptic potential, the shape of this
baseline measurements are shown before pressure-pulse injection (at leasin2@ course is similar. We found it useful to quantify our data using

baseline measurements were taken on each trial). After application of acetiis equation.

choline, the decrease in amplitude takes alositoreach full magnitude, and  The following dual exponential equation was used to fit the data

amplitude returns to the level before application of acetylcholine after ab

17 s.B: time course of amplitude change after pressure pulse applications of N
3 different durations in the dentate gyrus (15, 25, and 50 ms). The minimum W(t) = B — Z(ﬂ)(e—uu e
amplitude is reached after about 4 s, but recovery takes almost 60 s.

T2 1
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1796 M. E. HASSELMO AND B. P. FEHLAU

whereW(t) is the potential height as a function of timg. B is the quantification of the speed of onset and decay of modulatory
baseline amplitude of synaptic potentials, representing both initigffects.

value and eventual asymptotic value of the dual exponential equationFitting to dual exponential curves provided measures of the
For the curve fittings, this constant was “the control potential heighté’v rage onset and decay time constant of the cholinergic mod-
described above. This was the only constant that was determi tion of synaptic potential amplitude in region CAL and the

before the curve fitting. (This constant used the raw amplitude mea- tat h in Table 1. The choli - dulati
surements and was used to normalize the data for plotting relative ntate gyrus, as shownin 1abiée ~. 1he cholinergic modulation

the baseline value.) The other three constants were determined u§hgynaptic potentials in region CA1 showed an average onset
a curve-fitting process in DeltaGraph on a PowerMac 7208.a time constant4;) of 1.96 = 0.27 (mean+ SE). The average
constant used as a scaling factor proportional to the magnitudedsfcay time constant of the modulatory effegf) (was 13.2+
suppressions, is the measured onset time constant. This constaht74. These values were obtained from 12 slices using 100-ms
measures the relative speed of onset of the effgds the measured injections of 10 mM acetylcholine at 10 psi into region CAL.
decay time constant. This constant measures the speed at which\iieh a 50-ms pressure pulse duration in region CA1, the onset
effect decays. time constant was 1.4% 0.17, and the decay time constant

Th':i%”re F‘ shows an S’}amp'e of ‘]’Pr."e ﬁtt"ag rt10 phhySio'ogica' datiyas 10.0 = 2.24. The cholinergic modulation of synaptic
e baseline was set before curve fitting, and the other constants e .
determined through an iterative procedure. The dual exponer\:\{ps(??en“als in the dentate gyrus showed an average onset time

al .
model appears to fit this example data set very accurately, altho stant time constant,) of 1.35= 0.13. The average decay

the minimum of the dual exponential occurs slightly before thEme constant of the modulatory effect,f was 20.4+ 1.36.
minimum of the physiological data set. These values were obtained from 18 slices using 100-ms in-

jections of 10 mM acetylcholine at 10 psi into the dentate
gyrus. Data were also obtained with shorter duration pressure
pulse applications in the dentate gyrus. Using 50-ms injections
Time course of cholinergic suppression of 10 mM acetylcholine at 10 psi resulted in cholinergic
modulation of synaptic potentials in the dentate gyrus with an
Pressure pulse application of acetylcholine caused transiamerage onset time constam)(in nine slices of 1.16+ 0.17.
decreases in the amplitude of field potentials recorded in stiidie average decay time constant of the modulatory effeyt (
tum radiatum of region CA1l and stratum moleculare of th@as 19.63+ 1.57. Using 25-ms injections of 10 mM acetyl-
dentate gyrus. The maximum decreases in amplitude rangéaline at 10 psi resulted in cholinergic modulation of synaptic
from 11 to 63%, with longer pulse applications causing stropotentials in the dentate gyrus with an average onset time
ger suppression in most cases. Examples of the change in siaestant £,) in eight slices of 0.72& 0.16. The average decay
of synaptic potentials are shown in Fig. 2. The magnitude time constant of the modulatory effeet,( was 20.54+ 1.66.
the changes, and the shape of the field potentials were similéaus smaller injections appeared to have a somewhat faster
to those obtained in experiments using bath application ofiset in the dentate gyrus, but the decay time course was not
acetylcholine or the cholinergic agonist carbachol (Hasselmsmnificantly different for different pressure pulse durations.
and Bower 1992; Hasselmo and Schnell 1994; Hasselmo et alTo determine whether these long decay times reflect the time
1995; Hounsgaard 1978; Valentino and Dingledine 1981gourse of extracellular processes or intracellular processes,
However, the time course of these changes was considerad#parate experiments were performed in which the pressure
more rapid than those observed with bath application. injection of acetylcholine was followed after only 100 ms by
The effect on synaptic field potentials was quantified hyressure injections of the muscarinic antagonist atropine
measuring the maximum amplitude of each synaptic potentiél-mM concentration in pipette, 100-ms injection duration at
This provided measurements at 1-s intervals, as shown in Fi@.psi). This would theoretically result in only a brief period of
3. Each field potential amplitude is measured relative to tledolinergic activation of muscarinic receptors, after which
height of the baseline potentials before pressure pulse injec-
tion. The height of the field potential was measured at a timiésLE 1. Time constants of onset and decay for ACh and GABA

RESULTS

point chosen to lie near the maximum amplitude. The same _ ,
time point afer stimulation was used for all potentials recordefulse Duration  Region Onset/Decay ACh GABA
In this example, pulses that were administered before pressure 55 g Dentate  Onset 0.720.16  0.36+ 0.09
pulse application of acetylcholine are shown to the left of the 25ms Dentate Decay 20.581.66 2.24+ 0.59
axis. After application of acetylcholine, the amplitude de- 50ms Dentate Onset 1.160.17 0.29+ 0.05
creases to its minimum size over several seconds, then starts togg mz g/‘iqtate ()Dni(;e;y 119‘-16%3 éi; gég’f 8-(2)2
recover back to baseline. The potential reaches baseline size, CAL Decay 10.08 224 473+ 1.40
again in about 20 s. . . 100 ms CAl Onset 1.96 027  0.67+0.15
The onset and decay of the change in amplitude of synaptic 100 ms CAl Decay 13.2% 1.74  11.58* 2.90

field potentials showed a time course resembling that of a dual

exponential. To quantify the onset and decay of modulation %f\/alues in ACh an_d GABA are means SE. Thls table lists the values for
the average onset time constants and decay time constants for the effects of

synaptic potentials, all the time courses for the, acetylcho"%@etylcholine (ACh) and gamma-aminobutyric acid (GABA) in different re-
and GABA effects were fitted to dual exponential curves, @sons (region CA1 or dentate gyrus) at different pressure pulse durations (25,
described invetHobs. An example of the dual exponential50, or 100 ms). Note that for all durations of pressure pulse applications, the
curve fit to data from a single experiment is shown in Fig. :ﬂ?cf‘syeog?%e;z:hﬂ”g zféeACchEeAgQ ((ngAagA iz;g;y)s'gw- gr‘ C‘;ﬂgﬁsgbtrhﬁ;g?e

. L2 . . W y) Is very !
Wh”e. there was so_me Varlatlo.n in the sh_ape of the time Couﬁgssure pulse applications and only becomes comparable to the decay of
for different experiments, this curve fitting always stayegcetyicholine effects after application of GABA with 100-ms pressure pulses
within 5% of the change in amplitude and provided a usefii region CA1L.
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atropine, with its greater potency, would block most muscaery short intervals following the injection of acetylcholine did
rinic receptors, ensuring that the decay time constant wouldt dramatically change the decay time course of muscarinic
reflect primarily intracellular second-messenger pathwayeffects, whereas atropine injected at the same time or seconds
rather than extracellular processes decreasing acetylcholindefore acetylcholine blocked most of the acetylcholine effect.

the recepto

r site.

In most of the six slices studied, atropine caused only a slightly

As shown in Fig. 5, pressure pulse injections of atropine ghorter decay time course when injected more than 100 ms

>

atropir: before ACh

e
Q
=
g
= ~_ atropine 200 msec
@ 7 after ACh
e
(e
o &0
R
0 10 20 30 40 50
time (seconds)
B atropine before ACh
= .
E atropine 100 msec
o after ACh ‘“‘H"
£ ®
3
< 70
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after acetylcholine injection in region CALl. In these experi-
ments, acetylcholine alone caused an average onset time con-
stant of 1.73+ 0.19 f = 6) and a decay time constant of
14.9 = 1.6. Acetylcholine followed by atropine at intervals
between 100 and 500 ms later caused suppression with an
average onset time constant of 264€.51 ( = 6) and a decay
time constant of 12.6 2.4. Thus even when atropine followed
acetylcholine by only 100 or 200 ms, the suppression showed
a slow onset over several seconds and showed a very slow
decay lasting over 10 s, as shown in Fig.Aand B. This
suggests that the muscarinic effects persisted intracellularly
despite blockade of the effects at the muscarinic receptor (note
that the time course of the acetylcholine effects suggest that the
pharmacological agent reached its peak concentration at the
receptor at times less than 2 s). This provides a notion of
the magnitude of decay time constants independent of the time
course of extracellular diffusion or enzymatic degradation of
acetylcholine, although the potential remains that these slow
time courses are due to saturation of intracellular regulatory
mechanisms.

In contrast to the lack of significant effects of atropine
injections on acetylcholine effects atL00-ms delay, injection
of atropine at the same time as acetylcholine (0-ms delay)
caused a significant decrease in suppression, as shown in Fig.
5C. This suggests that when injected at the same time, atropine
significantly interferes with the initial activation of muscarinic
receptors, but when injected 100 ms after acetylcholine, atro-
pine allows a brief period of muscarinic receptor activation that
is sufficient to cause a large and sustained suppression of
synaptic transmission. Effective blockade of muscarinic recep-
tors by atropine is further demonstrated by the fact that after
the pressure pulse injections of atropine additional application
of acetylcholine had little or no effect on the synaptic poten-

FIG. 5. A: time course of suppression caused By100-ms injection of
acetylcholine alone) 100-ms injection of acetylcholine followed 200 ms later
by 100-ms injection of atropine, ar@) another 100-ms injection of acetyl-
choline after the trial during which atropine was injected. Note that atropine
has little effect on the cholinergic suppression induced 200 ms previously,
while almost completely blocking any cholinergic suppression by a subsequent
injection of acetylcholine. This suggests that the slow time course of acetyl-
choline effects is due to slow intracellular second-messenger dyna@niase
course of suppression caused by 100-ms injection of acetylcholine before
atropine, with atropine injection at 100 ms, and subsequent to the trial with
atropine. Again, atropine completely blocks the effect of a subsequent presen-
tation of acetylcholine, but not the effect at 100 ng. time course of
suppression induced ) 100-ms injection of acetylcholine alon®), 100-ms
injection of acetylcholine at exactly the same time as 100-ms injection of
atropine (0-ms delay), an8) another 100-ms injection of acetylcholine after
atropine. Note that atropine prevents most of the suppression when injection at
0 delay, as opposed to its lack of a strong effect when injected 100 or 200 ms
later as shown irA and B. D: time course of suppression by caused By
100-ms injection of carbachol alor®,100-ms injection of carbachol followed
15 s later by 100-ms injection of atropine, aBjdanother 100-ms injection of
carbachol after atropine. Note that atropine after carbachol allows a slow
recovery to a level above baseline, preventing the normal prolonged effect of
carbachol. It appears that the time course of this slow change reflects the time
course of intracellular changes induced by atropine’s blockade of the sustained
activation of muscarinic receptors by atropine.
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tials, showing that even long after it was injected atropine was GABA in dentate gyrus
more effective at binding to muscarinic receptors than was
acetylcholine. In the dentate gyrus, injections of atropine at E
short time intervals did cause a somewhat faster decay time "sp
constant. D

The sustained effect of carbachol injections provided an- =
other means of observing the slow decay of intracellular pro- U
cesses initiated by muscarinic receptor activation. Carbachol is E
not hydrolyzed by acetylcholinesterase, and therefore pressure "@
injections of carbachol cause a long sustained suppression %
reflecting the time course of carbachol diffusion alone. As ©Q
shown in Fig. ®, a 100-ms injection of atropine 15 s after ‘-‘5
carbachol injection brings the potential up above baseline more
rapidly, but the recovery does not start listis after atropine < 2

injection and once started still takes over 25 s. This appears to 0 4 8 12 16
reflect the slow recovery to baseline of intracellular second- .

messenger processes that were activated by carbachol and time (seconds)

received no further activation after injection of atropine. An- ri. 7. Time course of change in height of synaptic potentials plotted at 1-s

other injection of carbachol after atropine has no suppressiuervals after pressure pulse application of GABA to stratum moleculare of
effect at all. the dentate gyrus. The time courses of change in synaptic potentials are shown
after 3 different durations of pressure pulse application (10, 25, and 50 ms, all
with 5-mM concentrations of GABA in the pipette). An increased duration of
Time course of GABAergic modulation of synaptic potentialgessure pulse application increased the maximum suppression of field poten-
tial, while the time course of suppression remained relatively similar.
Pressure pulse applications of GABA caused more rapid

transient decreases in the amplitude of field potentials recordsfchressure pulse application: 10, 25, and 50 ms. Note that the
in stratum radiatum of region CA1 and stratum moleculare @faximum effect has been reached afte inthis example, and
the dentate gyrus. Both the onset and recovery of the decreag@smaximum increases with length of pressure pulse applica-
caused by GABA were more rapid than the onset and recoveigh. Most of the effect has decayeg B s after the time of
after applications of ACh. The maximum decreases in ampfiressure pulse application.
tude ranged from 21.3 to 70.7%, and longer pulse applicationsBecause of the rapid onset of suppression after pressure
again caused stronger suppression. Examples of the changguiRe injections of GABA, it was necessary to analyze the time
size of synaptic potentials are shown in Fig. 6. course of this effect with a higher temporal resolution. This
The time course of GABA effects on field potentials wergyas accomplished by varying the time between the pressure
measured at 1-s intervals and also at much shorter intervals.l_ﬂnse application and the first stimulation of a synaptic poten-
example of the effects of GABA measured at 1-s intervals tial by 100-ms steps. (In contrast, in the previous experiments
the dentate gyrus is shown in Fig. 7. This example shows tf time between pressure pulse application and stimulation of
change in synaptic potential height for three different lengthise 1st synaptic potential was always 500 ms.) For these
high-resolution examples, measurements were made at 10, 20,

A GABA in Region CAl 30, 50, 100, 200, 300, and 500 ms, then continued at 500-ms
) i intervals up to 3 s.
Before |, L.5secs 30 secs An example of the high-resolution time course of GABA

effects is shown in Fig. 8. Note that the onset of suppression of

synaptic potentials after pressure pulse application of GABA is
_I 2my very rapid; within the first 100 ms. However, in some cases the
10 ms ejection disturbed the field potential at very short intervals. The
baseline of the field potential was normally very stable, but
when GABA was ejected at a time near the initiation of the
B GABA in dentate gyrus field potential, this baseline and the subsequent potential were
. - ; often disturbed. No disturbance was noted for time intervals
Before 1.5 secs 30 secs >50 ms. In examples from the dentate gyrus (Figog), there

I M | was no clear disturbance of field potential, but the depression
was at 20 or 40% of maximum even after only 10 ms. For one
| ] J 2mvy potential studied, maximum suppression was obtained near 300

10 ms ms. Note that onset and decay of the effect of GABA were
—i = ————t more rapid in experiments on the dentate gyrus than in region
FIc. 6. A example of the effect of pressure pulse application of GABA ofcAl (Fig. 8, botton).
synaptic potentials recorded in stratum radiatum of hippocampal region CA1.The rapid time course shown in Fig. 8 is supported by the
g%ggﬁa's ae ghOW’f‘t before i”J'EC“O”Iv 15s a}f‘erPfeSiugAFg'\SG ;PP”C?“Ofa%rage data obtained for different durations of pressure pulse
, an s after pressure pulse application o \.effect of . . . : . .
pressure pulse application of GABA on synaptic potentials recorded in strat”Hﬂ"z“cuc.)rIS of .GABA' Valqe.s W.ere obtained in region CA1 from
moleculare of the dentate gyrus before application, 1.5 s after application, 44! slices with 100-ms injections of 5 or 10 mM GABA at 10

30 s after application. psi. In this case, the depression of synaptic potentials showed
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Onset of GABA suppression of synaptic
potentials in the dentate gyrus
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FIc. 8. Time course of depression after GABA injection measured
higher resolution (10, 20, 30, 50, 100, 200, 300, and 500 mg))fdrexamples

in stratum moleculare of dentate gyrus a&)® examples in stratum radiatum

injections in five slices, the depression of synaptic potentials in
the dentate gyrus showed an average onset time constaaf (
0.367 = 0.084 and an average decay time constag} ¢f
1.73 = 0.377. For GABA, shorter duration pressure pulse
applications resulted in a somewhat slower onset time constant,
but a faster decay time constant. This faster decay time con-
stant with shorter durations contrasts with the long decay time
constants for all durations of acetylcholine injections. The time
course of GABA effects were consistently faster than the
time course of ACh effects in slices, as can be seen in Table 1.
To investigate the receptor subtype involved in this suppres-
sion of synaptic potentials, we infused the slice chamber with
the GABA, antagonist bicuculline and tested the effect of
GABA. The suppression of synaptic potentials by GABA was
unaffected by bicuculline in some cases and showed a partial
reduction in the presence of M bicuculline in others, but it
was not possible to obtain complete blockade of the effect by
bicuculline. We tested the GABAagonist baclofen and found
a strong sustained suppression, even with the same short pres-
sure pulse parameters used to obtain the rapid GABA effect.
This sustained suppression probably resulted from the absence
of specific reuptake or degradation mechanisms for this artifi-
cial agonist. As shown in Fig. 9, a single application of ba-
clofen causes over 2 min worth of suppression. Pressure pulse
application of phaclofen causes a moderately rapid but partial
release of this suppression.

DISCUSSION

These results demonstrate the relative time course of cho-
linergic and GABAergic effects on synaptic potentials in hip-
pocampal region CA1 and the dentate gyrus. The cholinergic
modulation of synaptic transmission appears to have a consis-
tently slower onset and more sustained duration than the effects
of GABA. Acetylcholine effects persisted for extended periods
(10-20 s) regardless of the duration of the pressure pulse
application (25-100 ms), and even after further receptor acti-
§ation was blocked by a pressure pulse application of atropine
100 ms after acetylcholine application. This suggests that the

of region CAL. Before the injection of GABA, the synaptic potentials were dptracellular second-messenger pathways activated by acetyl-
baseline magnitude (0% maximum suppression). These graphs show the ofib@line have an extended period of persistence even after a
of suppression (the downward curve toward maximum suppression) and patiglef period of muscarinic receptor activation.

recovery back up toward baseline. Note that 100% maximum suppression
corresponds to the largest suppression for that particular case (which was never

a total suppression). The strong suppression at interva®ms for one of the

traces in region CA1 is probably caused by mechanical disturbances from theo

pressure pulse injection.

an onset time constant,j of 0.667+ 0.15 (meant SE). The
average decay time constant of the modulatory effegtwas

11.6 = 2.9 (n = 4). Shorter injections in region CA1 were also
performed. Fifty-millisecond injections into region CAl in

nine slices resulted in an average onset timg ¢f 0.502 =

0.05, and the average decay time constant of the modulator
effect (r,) was 4.73+ 1.4. The decay time constant was much &
faster in the dentate gyrus. With 50-ms injections, the effecton —5% ' - ' - -
synaptic potentials in the dentate gyrus (5 slices) showed an

average onset time constant)(of 0.297 = 0.053, and the
average decay time constant of the modulatory effegtwas
3.19 = 0.219. Using 25-ms injections in four slices, the d

pression of synaptic potentials in the dentate gyrus showed"

average onset time constant)( of 0.369 = 0.09 and an
average decay time constamg)(of 2.24 = 0.59. Using 10-ms

With phaclofen application

—

i®h

70 1 Baclofen alone

ontrol potential he

(o]
Z

i i Il Il 1 1

0 60 120

time (seconds)

@- FIc. 9. Suppression of synaptic transmission caused by a single 25-ms

ssure pulse application of 1 mM baclofeniate Q Note the long, sustained

ct due to absence of endogenous uptake mechanisms for baclofen. In a
separate trial, pressure pulse application of phaclofen (500 ms, 10 mM) after
60 s causes partial release of the suppression by baclofen.
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The relatively slow time course of muscarinic cholinergi¢Wu and Saggau 1997), but those experiments used carbachol
modulation appears consistent with the slow time course of ttee activate muscarinic receptors and baclofen to activate
depolarization of pyramidal cells by activation of muscariniGABAg receptors. As can be seen in the data presented here,
cholinergic receptors (Benardo and Prince 1982; Cole ahdth baclofen and carbachol have a slow time course of effects
Nicoll 1984). These data suggest that despite the rhythndoe to the lack of reuptake or breakdown mechanisms regu-
firing of cholinergic neurons during theta rhythm (Brazhnikating the extracellular concentrations of these substances. The
and Fox 1997, 1999) the release of acetylcholine causeslifierences in time course observed here could involve the
relatively slow tonic change in muscarinic receptor effects adifferent components of the signaling pathways activated by
synaptic transmission and postsynaptic depolarization. Thigese receptors. Muscarinic receptors activate phospholipase C
could mediate tonic changes in network dynamics as levelswad a G-protein—coupled mechanism (Schobesberger et al.
acetylcholine change during different stages of waking a2®00). Phospholipase C increases levels of inositol triphos-
sleep (see Hasselmo 1999 for review). phate (which influences intracellular calcium concentrations)

In contrast, the effects of GABA on synaptic transmissioand diacylglycerol (which activates protein kinase C). The time
show a significantly faster onset and shorter duration thaourses observed here could result from the specific kinetics of
acetylcholine at all pressure pulse durations. In addition, theese signaling pathways in neurons. The GAB#eceptor
time course of onset and decay of GABA effects becomes mappears to act through mechanisms of inhibiting adenylate
rapid with briefer pressure pulse durations, reducing to valuegclase, and its time course will be better understood when the
of decay aroud 2 s for 10- and 25-ms pressure pulse durationdetailed kinetics of its signaling pathways are analyzed.
These results suggest that the presynaptic inhibition of synaptic
trar)s_mission may function on different time scales, with mugynctional implications
carinic cholinergic effects showing a slower onset and longer
persistence than the faster and less persistent effects ofhese different time courses of the cholinergic and
GABAergic modulation at GABA receptors. GABAergic modulation of synaptic transmission could under-

This evidence for faster effects at GABAreceptors is lie different functional roles for the two types of modulation.
consistent with other data from this laboratory on heterosymhe slower effects at muscarinic cholinergic receptors have
aptic depression due to activation of GABAeceptors in vivo been proposed to underlie a slower shift of hippocampal dy-
(B. J. Molyneaux and M. E. Hasselmo, unpublished observaamics from encoding, with a dominant influence of feed-
tions). In that study, synaptic potentials in stratum radiatum &drward, afferent input, to consolidation, with a dominant
region CA1 evoked by contralateral stimulation showed hetfluence of feedback transmission (Hasselmo 1999). This
erosynaptic depression due to ipsilateral stimulation precediwguld provide a pharmacological regulation of the dynamics
the contralateral stimulation. This heterosynaptic depressidescribed in previous theories of the two-stage formation of
had a total time coursec300 ms and was decreased by aemories (Buzsaki 1989). In this framework, during active
GABA receptor antagonist. The slower time course observe@king, high levels of acetylcholine (Marrosu et al. 1995)
in the in vitro experiments presented here may result fromould suppress excitatory feedback in region CA3 and from
differences in the time course of GABA diffusion, reuptakeegion CA3 to region CA1l, preventing representations previ-
and intracellular second-messenger processes activatedobgly encoded in the hippocampus from interfering with new
GABAg receptors in vitro versus in vivo. The time coursencoding (Hasselmo 1999; Hasselmo and Schnell 1994). Then,
observed here with brief (10—25 ms) pressure pulse applies levels of acetylcholine decrease during quiet waking or
tions of GABA resembles the time course of heterosynapttow-wave sleep, the slow decrease in muscarinic suppression
depression observed in studies of heterosynaptic depressionfirsynaptic transmission would allow a shift into dynamics
slice preparations of hippocampal region CA1 (Isaacson et dominated by strong excitatory synaptic connections. The in-
1993) and the cerebellum (Dittman and Regehr 1997), anddrease in strength of excitatory transmission could underlie the
studies of homosynaptic depression of inhibitory transmissiaccurrence of brief explosive increases in network activity
in slice preparations (Lambert and Wilson 1994; Otis et @kermed “sharp waves” in region CA3, which then spread from
1993). The course of GAB4 modulation of synaptic tranrs region CA3 to region CAl and back to entorhinal cortex
mission was proposed to be much more rapid at physiologi¢Bluzsaki 1989; Chrobak and Buzsaki 1994). Activity during
temperatures in vivo (Dittman and Regehr 1997). The homthese sharp waves could be influenced by connections strength-
synaptic depression of inhibitory transmission could contribugmed in the hippocampus during previous encoding phases, so
to the enhancement of long-term potentiation caused that sharp wave activity could alter neocortical representations
GABA; receptors in some conditions (Mott and Lewis 199-n the basis of hippocampal connectivity (Buzsaki 1989;
1994; Mott et al. 1990, 1993). Chrobak and Buzsaki 1994; Hasselmo 1999; Wilson and Mc-

The suppression of glutamatergic synaptic transmission Maughton 1994). The slow change in muscarinic effects be-
activation of muscarinic and GABA receptors appears totween different states would prevent sharp waves from intrud-
involve a decrease in calcium influx through presynaptic voliag during encoding.
age-dependent calcium channels (VDCC) (Pfrieger et al. 1994]n contrast to the slower effects of cholinergic modulation,
Qian and Saggau 1997; Wu and Saggau 1995, 1997).tle more rapid modulation of synaptic transmission by activa-
particular, these effects seem to involve the type of VDCtibn of GABAg receptors could allow a more rapid shift in
sensitive to the omega-conotoxin GVIA (omega-CgTXdynamics within each cycle of the theta rhythm. This is sup-
GVIA), which is also known as the N-type current. The effeqtorted by the in vivo data showing that heterosynaptic depres-
on presynaptic calcium influx was reported to have a similaion has a time course fast enough to fit within each cycle of
time course for activation of muscarinic and GAB#feceptors the theta rhythm (Molyneaux and Hasselmo, unpublished ob-
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servations), and showing cyclical changes in magnitude @fTvan JS anD ReGeHrR WG. Mechanism and kinetics of heterosynaptic
synaptic transmission at different phases of the theta cycl@epression at a cerebellar synapséleuroscil7: 9048-9059, 1997.
(Ruddell and Fox 1984: Ruddell et al. 1980: Wyble et anx SE, WoLFsoN S, AND Ranck JBJ. Hippocampal theta rhythm and the

. . firing of neurons in walking and urethane anesthetized Eatp. Brain Res
2000). Phasic changes during each theta cycle could allovg,. 395_508 1986. g P

rapid shifting between dynamics appropriate for encodin@asseimo ME. Neuromodulation and cortical function: modeling the physi-
with a dominant influence of feed-forward afferent input, and ological basis of behavioBehav Brain Re$7: 1-27, 1995.

retrieval, with a dominant influence of feedback synaptic trangasse.mo ME. Neuromodulation: acetylcholine and consolidatidmends
mission (Hasselmo et al. 2001). During encoding, GABA Cognit Sci3: 351-359, 1999. _ ,
suppression of feedback excitatory connections and the Scmssgmogll Itzﬁe?;mrﬁ_?ﬁmc?’sAeNE;n\;Vt;BLEazzls gfr;rr?fcc))ji?wd ]:nno(l: trlgprig\)lglh:epn_hance
fer collaterals in region CAL would prevent previously en- s orior Iegming_\le’f”al Co?nput]n roes, 9

coded representations activated during retrieval from beipgsse vo ME ano Bower IM. Cholinergic suppression specific to intrinsic
encoded as new (Hasselmo et al. 2001; Sohal and Hasselmt afferent fiber synapses in rat piriform (olfactory) cort@europhysiol
1998a,b; Wallenstein and Hasselmo 1997). If transmissiors7: 1222-1229, 1992.

must be suppressed to prevent interference during synapteseLmo ME AND CEkic M. Suppression of synaptic transmission may allow
modification, this provides a functional rationale explaining com_binat?on of associative feedbaqk and self-organizing feedforward con-
why the same GABA receptors that suppress excitatory tran nections in the neocorteBehav Brain Reg9: 153-161, 1996.

L7 - . - AsseLMo ME AnD ScHNELL E. Laminar selectivity of the cholinergic sup-
mission in stratum radiatum (Ault and Nadler 1982; Colber pression of synaptic transmission in rat hippocampal region CA1: compu-

and Levy 1992) also enhance long-term potentiation at theSetional modeling and brain slice physiology.Neuroscil4: 3898-3914,
same synapses (Mott and Lewis 1991, 1994). In the phase9o4.

when GABAg suppression is weaker, excitatory feedback SyhiasseLMo ME, SCHNELL E, AND BARKAI E. Dynamics of learning and recall at
aptic transmission will be strong, and dynamics of retrieval xcitatory recurrent synapses and cholinergic modulation in hippocampal

: i P ; e - region CA3.J Neuroscil5: 5249-5262, 1995.
V\;:OUId t?]or?lnatgt V;/Ithlr]l hlgpl;OCimpEd CII’;:'UIIS. TheIJabplq ShlﬁtlrllilsSELMO ME, WyBLE BP, AND WALLENSTEIN GV. Encoding and retrieval of
strengin of excilalory teedback connections cou € importan pisodic memories: role of cholinergic and GABAergic modulation in the

for preventing confusion between network activation due tonippocampusHippocampuss: 693-708, 1996.
external reality and activation due to internal retrieval. HERRERAS O, Sotis JM, HERRANZ AS, MARTIN DEL R0 R, AND LERMA J.
Sensory modulation of hippocampal transmission. Il. Evidence for a cho-
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