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NMDA-Dependent Modulation of CA1 Local Circuit Inhibition 

Heinz C. R. Grunze,’ Donald G. Rainnie,’ Michael E. Hasselmo,* Eddie Barkai,* Elizabeth F. Hearn,’ 
Robert W. McCarley,’ and Robert W. Greene’ 

‘Department of Psychiatry Harvard University and Brockton VAMC, Brockton, Massachusetts 02401, and 2Department 
of Psychology, Harvard University, Cambridge, Massachusetts 02 138 

Whole-cell and extracellular recording techniques were used to 
examine local circuit inhibition in the CA1 region of the rat 
hippocampus in vitro. Activation, primarily of the recurrent in- 
hibitory circuit by alvear stimulation, elicited an IPSP in pyra- 
midal neurons that was dependent, in part, on NMDA receptor 
activation. Application of a tetanizing stimulus to the alveus 
evoked long-term potentiation (LTP) of the intracellularly re- 
corded recurrent IPSPs. This LTP also was NMDA-dependent 
and was more sensitive to blockade by the NMDA antagonists 
2-amino+phosphonovalerate (APV) and N-acetyl-aspartyl- 
glutamate, than the excitatory LTP produced by Schaffer col- 
lateral stimulation. With regard to APV, the sensitivity of inhib- 
itory LTP was an order of magnitude greater. 

Throughout the CNS, local circuit inhibition plays an integral role 
in both neuronal network processing and the regulation of the 
excitability of projection neurons. Local circuit inhibition includes 
two main types: feedforward inhibitory circuits that are charac- 
terized by the extrinsic origination of interneuronal excitation, 
and recurrent or feedback circuits in which the interneuronal 
excitation originates from recurrent collaterals of local excitatory 
projection neurons. Because the recurrent circuit is activated 
whenever a projection neuron is activated, it is an integral com- 
ponent of the projection cells’ output. Recurrent inhibitory cir- 
cuits may be particularly important to signal processing in cortical 
networks with pronounced recurrent excitatory interactions, such 
as the hippocampus (Miles and Wong, 1986; Miles and Wong, 
1987a,b; Radpour and Thomson, 1991; Thomson and Radpour, 
1991). Recurrent inhibition may limit not only the lateral spread 
of recurrent excitation, but also the duration of its effect, because 
the recurrent inhibition overlaps temporally with recurrent exci- 
tation. In addition, the divergent spread of local circuit inhibition 
(Buzsaki et al., 1992; Buhl et al., 1994; Whittington et al., 1995) 
may facilitate discharge synchronization of projection neurons by 
producing a synchronous relative refractory period. 

Any mechanism that alters the strength of local circuit inhibi- 
tion in a network would be expected to alter the signal-processing 
function of this network. Extrinsic modulation of cortical net- 
works by neurotransmitters from such diverse systems as the 
noradrenergic, serotonergic, histaminergic, and cholinergic nuclei 
may exert an influence on network function that is not directly 
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A biophysical simulation of hippocampal CA1 circuitry was 
used in a model of learned pattern recognition that included 
LTP in both excitatory and inhibitory recurrent circuits. In this 
model, selective blockade of inhibitory LTP produced aberrant 
spread of lateral excitation, resulting in confusion of normally 
distinguishable patterns of neuronal activity. Consideration is 
given to the possibility that selective disruption of NMDA- 
dependent modulation of local circuit inhibition may serve as a 
model for some aspects of dysfunction associated with NMDA- 
antagonist exposure and schizophrenia. 
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dependent on the output of the network. A less frequently ad- 
dressed site of intrinsic modulation is in the local inhibitory 
networks of the CA1 region, more specifically, the glutamatergic 
synapse onto inhibitory interneurons, which activates both 
NMDA and non-NMDA receptors (Sah et al., 1990). Activation 
of NMDA receptors may act as an intrinsic modulatory influence 
in two ways: first, by acutely enhancing local circuit inhibition, and 
second, by activating long-term potentiation (LTP) of this circuit. 

NMDA-dependent LTP of glutamatergic transmission onto 
projection neurons is the best-characterized form of activity- 
dependent synaptic plasticity in the mammalian CNS (Bliss and 
L@mo, 1973; Anderson et al., 1977; Bliss and Collingridge, 1993). 
However, findings from in viva studies also have provided evi- 
dence consistent with modulation of inhibitory pathways by LTP 
in the hippocampus (Buzsaki and Eidelberg, 1982) and other CNS 
local circuits (Korn et al., 1992). In addition, in vitro investigations 
in the hippocampus have reported both NMDA-dependent LTP 
and NMDA-dependent long-term depression (LTD) of feedfor- 
ward inhibitory pathways (Stelzer et al., 1994). Because of the 
importance of recurrent inhibition in network functioning, we 
have examined the effects of, and sensitivity to, NMDA antago- 
nists on the IPSPs and LTP of these IPSPs in the CA1 region of 
hippocampal slices that were transected to minimize feedforward 
inhibition. We report here that under these conditions, the IPSP 
is reduced acutely by 2-amino-5-phosphonovalerate (APV), and a 
LTP of this IPSP can be evoked that is highly sensitive to APV, 
N-acetyl-aspartylglutamate (NAAG), or phencyclidine (PCP). 

MATERIALS AND METHODS 
Slices were prepared from Long-Evans rats of both genders, age 25-40 d. 
Rats were decapitated under halothane anesthesia, and the brains were 
removed rapidly and 400-pm-thick transverse slices cut from the hip- 
pocampus using a vibratome. Slices then were placed in artificial CSF 
(ACSF) that contained (in mM): NaCl 124; KCI 3.75; KHZPO, 1.25; 
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Figure 1. Placement of recording and stimulation electrodes for whole-cell patch-clamp and extracellular recordings. A, The top portion is a scanned 
image of a transverse section of the rat hippocampus showing the placement of recording and stimulating electrodes for whole-cell patch-clamp recording. 
The location of the knife cut in the acutely transected slices is indicated by the dashed lines marked by the asterisk. The bottom portion shows a schematic 
of the assumed basic neuronal circuit with the stimulation electrode in the alveus and the recording electrode in a CA1 pyramidal cell. B, The topportion 
shows the placement of recording and stimulating electrodes for extracellular recordings. The bottom portion shows a schematic of the assumed basic 
neuronal circuit. The inset at the top shows two traces of synaptic potentials recorded intracellularly from a CA1 neuron after electrical stimulation (fast 
downward deflection) of the Alv and SR. The SR trace has been shifted to the right to reflect the 12 msec delay used in the paired-pulse paradigm. Note 
the peak of the Alv-evoked IPSP coincides with the peak of the SR-evoked EPSP. When transected slices were used (see Materials and Methods for 
description), the alveus was the site of stimulation for both intra- and extracellular recordings. 

MgCl, 1.3; CaCl, 3.5; NaHCO, 26; and glucose 10. This was bubbled with 
95% 0,/5% CO, and maintained at 30 -’ 2°C throughout the recordings. 

Whole-cell recordings were obtained with borosilicate glass electrodes 
(resistance 4-6 Ma) filled with (in mM): K-citrate 120; CaCl, 1; MgCI, 3; 
MgATP 2; NaGTP 2; EGTA 3; and HEPES 40 (modified from Blanton 
et al., 1989). Free calcium was calculated to be -40 nM, using a program, 
CaBuf (written by G. Droogmans, Catholic University of Leuven, Leuven, 
Belgium). Recordings in current clamp mode, using a bridge circuit, were 
made from hippocampal CA1 neurons with an Axoclamp 2A amplifier 
(Axon Instruments, Burlingame, CA). Extracellular recordings were 
made with the same electrodes as those used for intracellular whole-cell 
patch-clamp recordings, except that they were filled with ACSF. 

Stimulation procedure. IPSPs in CA1 pyramidal neurons were evoked 
by stimulation of the alveus (Alv) or the stratum oriens (SO) (Spencer 
and Kandel, 1961; Andersen et al., 1963) and examined with whole-cell 
patch recordings (see circuit sketch in Fig. L4). The SO and alveus 
contain afferent axons that terminate not only in the SO, but also in the 
stratum pyramidale (SP) and the stratum radiatum (SR), and include 
commissural fibers (Frotscher and Zimmer, 1983; Leranth and Frotscher, 
1983) and ipsilateral projections from CA3 (Amaral and Witter, 1989; Li 
et al., 1994). Stimulation of the SO, therefore, would be expected to 

evoke both feedfonvard and recurrent inhibition. The present study 
attempted to limit activation of feedforward inhibition and excitation in 
the SO by the use of transected slices with a knife cut that extended from 
the SO-alvear border through the stratum lacunosum-moleculare, so 
that only the alveus was spared. In this paradigm, the Alv stimulus 
electrode and the recording electrode were placed on opposite sides of 
the lesion (Dingledine and Langmoen, 1980; Alger and Nicoll, 1982). For 
extracellular recordings, the SR-stimulus electrode was placed on the 
same side of the cut as the recording electrode. In an additional set of 
experiments, animals were anesthetized (acepromide-ketamine- 
rompum mixture 0.2 ml/l00 mg) and the commissural fibers lesioned, 
under stereotaxic guidance, with a knife cut that completely severed the 
contralateral connections in the fimbria of the dorsal hippocampus. 
Animals then were allowed 4 d postoperative recovery before harvesting 
the hippocampal slices. The location of the lesion was verified visually 
when the slices were obtained. These slices then were transected acutely 
as described above to isolate the recurrent inhibitory circuit. 

A tetanus of four trains of 10 stimuli at 100 Hz was applied to induce 
LTP (a tetanus of 20 stimuli at 400 Hz originally was used with non- 
transected slices shown in Fig. 2 with similar results). During the tetanus, 
the pyramidal neuron was hyperpolarized to -85 mV with DC current 
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Figclre 2. APV causes a dose- 
dependent reduction of the IPSP. A, 
Voltage tracts from a whole-cell patch- 
clamp recording of a CA1 pyramidal 
neuron in a transected slice APV (25 
FM) caused a reversible reduction in the 
peak amplitude of the IPSP, but not of 
the EPSP. B, A recording from another 
CA1 pyramidal neuron shows that 0.4 
pM APV reduced the IPSP amplitude by 
14%, approximately one-third of the 
maximal IPSP reduction of 34%, evoked 
by 25 FM APV. C, A histogram illus- 
trates the effect of 0.4, 3, and 2.5 ~,LM 

APV on the amplitude of the IPSP in 
whole-ccl1 patch-clamp recordings, as 
shown in A and B. 

B 
40 ms 

r 2mV 

e/-.----baseline 

injection to prevent the induction of recurrent excilatory LTP on10 the 
recorded neuron itself (Malinow and Miller, lY86). Peak basclinc values 
of evoked IPSPs bcforc tetanus were compared with peak values obtained 
continuously for at lcast 21 min after the tetanus; mcmbranc input 
resistance was monitored cvcry 3 min during this period. 

For cxtracellular recordings, a paired-pulse stimulation paradigm, 
adapted from Bournc ct al. (1983), was used to examine inhibitory LTP. 
One of two bipolar stimulating electrodes was placed in the SR to evoke 
orthodromic population spikes (PS) of CA1 pyramidal neurons (PS,,). 
PS amplitude was determined as the mean of 10 responses recorded at 20 
set intervals. The second bipolar electrode was used to activate recurrent 
inhibitory circuits by stimulation of the alvcus I2 msec before the stim- 
ulation of the SR. The amplitude of the paired PS,, was reduced 
compared with the unpaired PS,,. This paired-pulse PS was called 

ps*,,,s,. Fig IB shows the placement of stimulation and recording 
electrodes, and Figure 4, A and C, shows the extracellular voltage trace 
that follows the unpaired and paired stimuli. The amplitude of the PS,, 
was compared with its amplitude during the paired-pulse paradigm by the 
ratio PS A,V,SR/PSSR. A tetanus (four trains of 10 stimuli at 100 Hz) then 
was applied to the Alv pathway and the ratio of PS,,, sR/PSsR determined 
before tetanus was compared with that at three time’intervals (2, 10, and 
20 min) after tetanus. All data of evoked field and intracellular potentials 
arc average values of five to eight recordings taken with a time interval of 
20 sec. 

Dose-response relationships for excitatory and inhibitory LTP were 
generated with at least four sample points per concentration. The dose- 
response relationship was fit with a sigmoid curve using Sigmaplot and 
least squares analysis. The equation for the curve was as follows: 

100 
Y= [APV] -x ’ 

l+exp- i-- 

where k = the slope factor; [APV] = the concentration of APV in 
mrcromolars, and x = IC,,,, when [API’I = x then y = 50. 

Results are given as means i SE, except for the parameter derived 
from the curve ht, IC,,,, which is expressed with t the asymptotic SE. 

Sim~lufiort of CA1 network acfivify. The computer simulation presented 
here was adapted from a simulation of the piriform cortex (Barkai et al., 
1994; Barkai and Hasselmo, lYY4; Hasselmo and Barkai, 1995) which 
was developed using the Genesis simulation package (Wilson and Bower, 
1992; Bower and Beeman, 1995). Starting parameters for most currents 
were derived from a previous simulation of hippocampal region CA3 
(Traub et al., lYY2). Thcsc simulations represent the membrane potential 
dynamics of cortical neurons based on an equivalent circuit model of 
passive membrane properties combined with representations of voltage- 
dependent conductances using the Hodgkin-Huxley framework. 

The simulation contained 240 biophysical compartmental simulations 
of pyramidal cells, using parameters presented in previously published 
work (Traub et al., 19Y2; Barkai and Hasselmo, 1994; Hasselmo and 

WV] PM 

(n =4) 

i 

Barkai, 1995). Each simulated pyramidal cell consisted of three compart- 
mcnts. One compurtmcnt rcprcscntcd the soma, and two compartments 
rcprcscntcd proximal and distal dcndritic regions. Equivalent circuit 
representations were used to model the passive n~cml~rnnc propcrtics 
dcpcndent on membrane rcsistancc and capacitance along with axial 
resistance between compartments (Bower and Bceman, IYYS). Both 
dendritic compartments contained excitatory synaptic sodium currents, 
whereas the proximal dendritic compartment contained synaptically ac- 
tivated inhibitory potassium currents, and the soma contained synapti- 
cally activated inhibitory chloride currents. 

Because of the small size of the network, a higher percentage of 
excitatory synaptic connectivity was used (see Discussion in Wilson and 
Bower, 1992). Each pyramidal cell contacted -70% of other pyramidal 
cells with excitatory currents that evoked synaptic potentials having a dual 
exponential time course with a rise time constant of I msec and a decay 
time constant of 3 msec (additional description provided in Barkai et al., 
1994; Hasselmo and Barkai, 1995). The network also contained 58 each 
of two groups of inhibitory interneurons. These interneurons received 
excitatory synaptic input from pyramidal cells and from afferent input, 
and activated inhibitory synaptic potentials having a dual exponential 
time course with time constants of 1 msec rise and 7 msec decay for 
chloride currents, and time constants of IO msec rise and 100 mscc decay 
for potassium currents. These time constants replicated the diffcrcnt time 
course of GABA,- and GABAn-mediated currents. The soma compart- 
ment contained a range of voltage-dependent currents, including the 
fast-activating sodium current (INa) and delayed-rectifier potassium cur- 
rent underlying generation of action potentials (see Fig. 5). In addition, 
the soma compartment contained representations of the voltage- 
dependent potassium currents I, and I,. Parameters for these currents 
are provided in previously published work (Traub et al., 1992; Barkai and 
Hasselmo, 1994; Hasselmo and Barkai, 1995). These pyramidal cells 
undergo adaptation in response to sustained current injection caused by 
activation of a voltage-dependent calcium current (Ic,,), which increases 
intracellular calcium levels and activates a calcium-dependent potassium 
current (I,(,,,,)). The parameters for these currents also arc provided in 
previous articles (Traub et al., 1992; Barkai and Hasselmo, 19Y4; Has- 
selmo and Barkai, 1995). 

Simulations tested the capacity of the network to store patterns of 
afferent input and recall these full patterns of activity given degraded 
versions of these input patterns. The simulations used separate “learning” 
and “recall” phases, as described in previous work (Barkai and Hasselmo, 
1994; Hasselmo and Barkai, 1995). 

During learning, the network received consecutive presentation of two 
full patterns of afferent input (the triangular patterns seen in Fig. 6, left). 
Afferent input consisted of activation of synapses in the distal dendritic 
compartment of 40 of 240 pyramidal cells. Each of these 40 neurons 
received a pattern of input characterized by theta and gamma oscillatory 
activity as reported for olfactory cortex electroencephalography during 
learning (Wilson and Bower, 1992). This consisted of groups of four 
synaptic potentials at 25 msec intervals, with 200 msec between the start 
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of each burst. This results in the pattern of firing seen in Figure 6, right. 

The patterns overlapped considerably, such that tight neurons received 
input during both pattern I and pattern 2. The strength of excitatory 
synapses between pyramidal cells was changed during learning according 
to a Hebbian learning rule. When a spike arrived at a particular synapse, 
the maximal conductance of the synaptic current was increased in pro- 
portion to how much the postsynaptic membrane potential exceeded a 
modification threshold. During recall, the network was presented with 
degraded versions ol’ the stored afferent input patterns. Recall was tested 
in two conditions: (I) after strengthening of excitatory synapses between 
pyramidal cells and inhibitory interneurons, and (2) with no increase in 
strength of input to inhibitory interneurons. The degraded input for each 
pattern activated only 24 of the 40 neurons activated during learning. (As 
seen in Fig. 6, neurons in the overlap did not receive input.) The spiking 
activity of the network was observed during a 500 msec period, during 
which the network received afferent input consisting of three groups of 
four synaptic potentials. The performance of the network during recall is 
described in the Results section. 

RESULTS 

In control slices, low-frequency electrical stimulation (0.05 Hz, 
0.5-l PA; 400 psec duration) of the SO or Alv evoked a mul- 
tiphasic postsynaptic potential consisting of an EPSP and subse- 
quent fast and slow IPSPs when recorded with intracellular patch 
electrodes. In agreement with previous studies (Curtis ct al., 1970) 
(for review, see Stetzer, 1092), the early Atv-cvokcd IPSP was 
antagonized (mean reduction of IPSP, 47 -’ 6%~) by prcssurc- 
ejected bicuculline (IO mM; 100 msec; 3 psi; n = Y), indicative of 
a potential mediated by activation of GABA, receptors. In con- 
trast, the late phase of the IPSP was blocked by the GABA, 
receptor antagonist saclofen (250 PM). The EPSP has been re- 
ported previously to be mediated by activation of AMPA-kainate 
receptors and also NMDA receptors (Hestrin et al., 1990; Thom- 
son and Radpour, 1991). 

The IPSP evoked in control (nontransected slices; II = 31) had 
a peak amplitude of 4.6 2 0.3 mV, which was not significantly 
different (p < 0.05; Wilcoxon signed-ranks) from the peak IPSP 
amplitude of transected slices (n = 30) of 6.7 F 0.5 mV. In slices 
in which the SO, SP, and SR had been transected, the peak 
amplitude of the IPSP evoked after stimulation of the alveus from 
either the fimbriat (n = 14) or the subicular side (n = 16) of the 
transection showed no significant difference (6.5 2 0.7 mV vs 6.7 
i 0.8 mV). 

Activation of afferent excitatory input to CA1 interneurons 
evokes an EPSP with an NMDA component (Sah et al., 1990) that 
may be present during baseline (non-high-frequency activation) 
conditions (Lacaille, 1991). We observed that superfusion of 
APV, although having no apparent effect on the SR-evoked 
EPSP, caused a dose-dependent reduction of the evoked IPSP 
(Fig. 2). Hence, in 10 of 13 neurons tested, 25 pM APV reduced 
the IPSP by 27 t 4% (n = 4), 3 WM APV by 14.5 (n = 2), and 0.4 
PM APV by 11 + 1% (n = 4) (Fig. 2B). This result is illustrated 
graphically in Fig 2C. In the remaining three neurons, the IPSP 
was insensitive to APV, but was blocked by 5 PM 6, 
7-dinitroquinoxaline-2,3-dione (data not shown). The reduction in 
IPSP amplitude was reversible on washout of APV (see Fig 2A), 
suggesting that NMDA receptor activation is a necessary compo- 
nent of the tow-frcqucncy glutamatergic drive onto inhibitory 
interneurons. 

A tetanus applied to the Alv in control slices resulted in an 
initial post-tetanic potentiation (PTP) of the IPSP (Fig. 3A1,2), 
which declined to a stable longer-term potentiation (Fig. 3A,3) 
-15 minutes after tetanus. The mean increase in the IPSP, mea- 
sured >20 min after the tetanus, was 28 t- 6%. In addition, tetanic 
stimulation of the Alv (n = 2), in the presence of saclofen, had no 

effect on the expression of either PTP, short-term potentiation 
(STP) (Malenka and Nicott, 1993) or LTP of the IPSP, suggesting 
that the observed inhibitory LTP is attributable to potentiation of 
GABA,-mediated transmission. Further, the reversal potential of 
the IPSP (between -70 and -75 mV) did not change after 
tetanus induced LTP (n = 4), suggesting that an alteration of the 
chloride driving force is not responsible for the enhanced IPSP. 
Finally, an apparent increase in the IPSP attributable to homo- 
synaptic LTP of the overlapping recurrent EPSP cannot be ruled 
out. However, this is an unlikely mechanism, because, (1) the 
parameters of the tetanus employed typically evoke homosynaptic 
LTD (Malenka and Nicott, 1993), and (2) when the alvcar-evoked 
synaptic potential is examined at the IPSP reversal potential (-70 
mV) before and 40 min after the tetanus, no decrease or a slight 
increase in the EPSP amplitude is observed (II = 2 in transected 
slices) (Fig. 3C3). 

In transected slices, the effects of tetanic stimulation of the 
atveus wcrc examined in every neuron that showed a stable 
input rcsistancc (~5% change from basctinc for the duration of 
the recording, measured every 10 min). Tctnnic stimulation of 
the alveus (n = IS) resulted in an increase of the tPSP ampli- 
tude of 50 t I6%, 21 min post-tetanus. The majority of 
neurons (12115) showed an incrcasc of amplitude with a range 
from 15 to 238%; the tPSP of the rcmnining three neurons 
changed <5%. Stable recordings of durations 240 min post- 
tetanus (n = 6) showed an incrcasc of IPSP amplitude of 52 t 
16% (p f  0.005; Mann-Whitney U test) (Fig. 3A,Cl). Figure 
301 shows the time course of LTP in these six neurons com- 
pared with the mean IPSP amplitude of four other neurons that 
were not tetanized. 

To gain an improved isolation of recurrent circuits resulting 
from Alv stimulation, commisural fibers were transected in viva 
4 d before an additional acute transection in vitro. Under these 
conditions, the EPSP portion of the antidromicatty activated 
EPSP-IPSP sequence is more prominent (Fig. 3B), possibly as a 
result of decreased inhibitory feedforward activation (Frotscher 
and Zimmer, 1983; LCr&nth and Frotscher, 1983; Miles and 
Wong, 1987b). After tetanic stimulation, the IPSP amplitude 
showed both PTP-STP and LTP (an increase of 50 -C l3%, 
measured at 40 min, y1 = 3; Figs. 3B and C2). Figure 302 shows 
the effect of tetanic stimulation of the SR on the SR-evoked 
EPSP, using identical stimulation parameters as in the transected 
slice. The excitatory pathway shows both a PTP-STP and an LTP, 
which has a time course similar to that of the inhibitory LTP. 

Many studies have demonstrated an NMDA-mediated compo- 
nent of the Schaffer collateral excitatory LTP (Cotlingridge ct al., 
1983; Harris ct al., 1984; Herron ct al., 1986). Consequently, wc 
examined the dependence of the LTP of Atv-evoked inhibition on 
NMDA rcccptor activation. First, the NMDA-receptor antagonist 
APV (25 PM) was perfused during tetanic stimulation, then the 
APV was removed and the effects on inhibitory LTP dctcrmined 
in control ACSF. Under these conditions, no inhibitory LTP was 
observed (n = 6); however, PTP was observed in three neurons 
(26 ? 13%), which decayed back to baseline in <lo min. The 
specific site and mechanism of the APV-sensitive inhibitory LTP 
was not identified, although a likely site, consistent with the 
NMDA-dependence, is the excitatory synapse of recurrent cottat- 
erals onto GABAergic interneurons (see circuit schematic in 
Fig. 1). 

We further evaluated alterations in synaptic transmission in the 
CA1 network with stimulus-evoked extracellular field potentials, a 
technique that allows longer, more stable recordings than wholc- 
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Figure 3. Tetanic stimulation of the 
alveus results in LTP of the IPSP. A, 
The voltage records are averages of five 
traces from whole-cell patch-clamp re- 
cordings of a CA1 pyramidal neuron in 
an acutely transected slice. The input 
resistance remained constant at 100 MO 
throughout the recording. Postsynaptic 
potentials were recorded (I) hcforc, (2) 
20 min after, and (3) 40 min after tetanic 
stimulation of the alveus. B, The records 
are similar to those of A except that in 
these slices, the commissural pathway 
was lesioned previously in viva in addi- 
tion to the acute transection. C, Records 
from Al and,43 and from Bl and B3 are 
superimposed for comparison in Cl and 
C2, respectively. In C3, superimposed 
voltage traces are shown that are similar 
to those of Cl, except that the mem- 
brane potential was held at the IPSP 
reversal potential to isolate the EPSP. 
The trace taken 40 min after the tetanus 
(indicated by the arrow) did not show 
LTD. DI, A graph of the average peak 
amplitude ? SE (error bars often fall 
within the symbol) of the IPSP in re- 
sponse to stimulation of the alveus ver- 
sus time in CA1 pyramidal cells from 
slices transected in vitro (solid square 
indicates tetanized slices, n = 4; solid 
circle indicates nontetanized slices, n = 
4). 02, A graph of the peak amplitude of 
the EPSP with respect to time in a typ- 
ical CA1 pyramidal cell in response to 
tetanic stimulation of the SR using the 
same stimulation parameters. 

A 

B 

C 

Grunze et al. l CA1 Local Circuit Inhibition 

1. . 

r-----‘;J-Z,___ 

50 mbeC 

r 5mV 

1. 

-60 mV 

D 
1. 

tetanus 

g 300 
& 270 

g 240 

g 210 
2 
n 180 

-10 0 10 20 30 40 

t (min) 

cell patch recording, which is advantageous for multiple pharma- 
cological manipulations. Network excitability was evaluated by 
measuring the amplitude of the extracellularly recorded PS that 
results from activation of feedforward excitatory afferents by 
stimulation of the SR. The effect of Alv-evoked inhibition on the 
SR-elicited PS (PS,,) was measured by pairing Alv stimulation 
with SR stimulation (PS,,,,,,) (see Materials and Methods, and 
Figs. 1,4). The amplitude of the SR-evoked PS then was examined 
in the paired-pulse paradigm before and after tetanus of the Alv 
pathway (Fig. 4A). After the tetanus (>20 min), a significant 
reduction of the PS,,,,,,IPSs, ratio of 15 + 2% SE (N = 32;~ < 
0.005, Wilcoxon signed-ranks test) in the absence of changes in 
the PS,, or the PS,,, was observed (Fig. 4B,C). 

As with the intracellular recordings, we also examined the 
effects of the previously described pathway transection on inhibi- 
tion in this paradigm. In all three transected slices tested, tetanic 
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s 700 

&, 600 

g 500 
s 
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400 
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stimulation of the Alv caused a reduction of the PS,,,,,,/PS,, 
ratio (20 ? 6%), comparable to the reduction of the ratio ob- 
served in the nontransected slices. 

The PSAlv,d’SsR ratio also was used to measure the sensi- 
tivity of Alv-evoked inhibitory LTP to the NMDA antagonists 
APV (Collingridge et al., 1983, Davis et al., 1992), PCP (Lodge 
et al., 1983) and NAAG (Mori-Okamoto et al., 1987; Putt- 
farcken and Coyle, 1989; Sekiguchi et al., 1989; Puttfarcken et 
al., 1993). The latter is an endogenous, acetylated, di-amino 
acid that is found in many CNS regions including the hip- 
pocampus together with its catabolic enzyme, N-acetyl-alpha- 
linked-acidic-dipeptidase (NAALADase) (Blakely and Coyle, 
1988; Stauch-Slasher et al., 1992). Both APV (Harris et al., 
1984) and PCP (Stringer et al., 1983) have been shown to block 
LTP of excitatory Schaffer collateral input onto CA1 pyramidal 
cells, the former, in a dose-dependent manner. 
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Figure 4. Tetanic stimulation of the alveus induces an LTP of the 
alvear-induced inhibition of the SR-evoked PS.A, Extracellular recordings 
of CA1 SP field potentials (PS) in response to SR stimulation (I, 2). 
Although the SR stimulation is identical in both cases, in the latter (2), a 
paired Ah-SR stimulation was used with a resulting reduction of the PS 
amplitude. B, A graph of the change in Ah-evoked inhibition, indicated by 
the l?S,,v,,s,JPS,s,c ratio with respect to the time of tetanus application, is 
illustrated. C, Superimposed traces of the unpaired PS,, and PS,,,,,, are 
shown. Note the reduction in amplitude of the paired PS after the tetanus 
in the absence of change in either the unpaired PS,, or the alvear-evoked 
field potential (compare I with 2 and 3). 

In agreement with observations at the single neuron level, 
exposure to APV (50 PM) during tetanic stimulation prevented 
LTP induction of >lO% in seven of eight slices tested as mea- 
sured 20 min after tetanus by the PS A,V,SR/PSS,I ratio (0.85 ? 0.03 
before tetanus; 0.87 -+ 0.03, after), a significant difference from 
control conditions @ < 0.05, x2 test). In addition, LTP also was 
prevented by the application of either PCP (100 PM; n = 6;~ < 
0.01, x2 test) or NAAG (100 PM; n = 3; p < 0.05, x2 test) during 
the tetanus. 

Furthermore, APV also caused a dose-dependent, reversible 
increase in the PS A,V,SR/PSSR ratio before application of the 
tetanus, similar to the dose-dependent decrease in the evoked 
IPSP amplitude seen in whole-cell recording experiments. The 
PS,, amplitude alone was unaffected by drug application. At a 
concentration of 25 PM APV, the PS,,,,,,/PS,, ratio was in- 
creased reversibly by 17 -C 8.5% (n = 3). These data support the 
hypothesis that there is an NMDA-mediated component to Alv- 
evoked inhibition. 

Because antagonism of excitatory LTP has been reported to be 

dose-dependent (Harris et al., 1984), we compared the sensitivity 
of excitatory LTP of the Schaffer collateral input onto CA1 
pyramidal cells with that of the LTP of Alv-evoked inhibition to 
NMDA receptor antagonism. The percent of LTP elicited under 
control conditions (100%) is plotted against the concentrations of 
APV, ranging from 0.3 to 50 PM (Fig. 5A). Data points from each 
experimental paradigm were fit with a sigmoid equation (see 
Materials and Methods) using a least-squares analysis, and then 
the half-maximal responses were determined. LTP of the Alv- 
evoked inhibition was found to be an order of magnitude more 
sensitive to NMDA receptor blockade than that of the SR-evoked 
excitatory LTP. The concentration of APV at which the LTP was 
reduced by 50% (IC,,,) was found to be 0.57 ? 1.1 PM for the 
inhibitory LTP, compared with 5.7 f  1.1 pM for the excitatory 
LTP. Furthermore, in agreement with previous studies (Harris et 
al., 1984) concentrations of APV < 3 pM had little effect on the 
development of LTP in the excitatory pathway. In contrast, the 
LTP of the Alv-evoked inhibition was reduced by -80% at the 
concentration of APV of 1.5 FM. The cndogenous NMDA antag- 
onist NAAG (50 PM) also selectively rcduccd LTP of the Alv- 
evoked inhibition, while leaving excitatory LTP from SR stimula- 
tion unaffected (Fig. SB). 

In addition, WC tcstcd for ditfcrential sensitivity of the inhibitory 
versus excitatory LTP in transcctcd slices. In agrcemcnt with data 
obtained from control slices, we found the same differential sen- 
sitivity for APV administered during tetanus. In this condition, all 
three slices tested (APV, 12.5 PM) showed no LTP of the Alv- 
evoked inhibition, but SR-evoked excitatory LTP was expressed in 
every case. 

The implications of a selective antagonism of LTP of recurrent 
inhibitory circuits (the likely source of alvear-evoked inhibition) 
on processing characteristics of CA1 neuronal networks then were 
examined with computer simulation based on simulations pub- 
lished previously (Traub et al., 1992; Barkai and Hasselmo, 1994; 
Hasselmo and Barkai, 1995) (for detailed description of simula- 
tion, see Materials and Methods). The effect of LTP at excitatory 
synapses in the network was modeled by strengthening of synaptic 
interactions between modeled neurons. As shown in Figure 6, we 
evaluated the ability of this network to store two different patterns 
of afferent input, each of which activated 40 neurons and over- 
lapped with the other pattern by 8 neurons. (See representations 
of complete pattern 1 and pattern 2 in Figure 6A.) 

Figure 6A shows the response of the network before any 
learning (i.e., before strengthening of synapses in the network). 
The network responds with spiking activity attributable to direct 
afferent input to a subset of 40 neurons, considered a presentation 
of complete input patterns, and attributable to direct afferent 
input to 24 neurons, considered a presentation of degraded input 
patterns. 

During a learning phase, LTP of excitatory synapses was ap- 

plied at synapses experiencing both pre- and postsynaptic activity. 
During a separate recall phase, the network was capable of 
recalling specific patterns of action potential generation in mod- 
eled neurons. For example, the network was presented with de- 
graded versions of the input patterns, which induced spiking 
directly in only 24 of the 40 original neurons activated by the full 
input. After the learning phase, the spread of activity across 
strengthened synapses then caused action potential generation in 
neurons not receiving afferent input from the degraded pattern 
but that were activated previously by the complete pattern. 

The capability to recall missing elements of the stored pattern 
also enhanced the possibility that activity elicited by one pattern 
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Figure 5. LTP of local circuit inhibition shows differential sensitivity to NMDA receptor antagonists compared with excitatory LTP. A, A dose-response 
relationship for the percent maximal LTP versus APV concentration (range 0.3-50 PM). The two data points at 0.05 FM (indicated by the overlapping 
solid circle and solid diamond) reflect the absence of APV and arc used to facilitate curve fitting on the logarithmic scale. Each point represents the average 
of at least four experiments. LTP of recurrent inhibition (solid circle) shows a greater sensitivity to blockade by APV than excitatory LTP (solid dinmor~d). 
B, A histogram illustrates the percent LTP versus the concentration of the endogenous NMDA receptor antagonist NAAG. The selective antagonism by 
NAAG of LTP evoked by Alv stimulation relative to that cvokcd by SR stimulation is similar to that of APV. 

would spread into neurons activated by the other pattern, thus 
reducing or preventing the ability to differentiate between the 
patterns (see Figure 6B, lower trace). Strengthening of excitatory 
synapses from pyramidal cells to inhibitory interneurons pre- 
vented this problem. During recall, the network was tested both 
with and without the strengthening of excitatory input onto inhib- 
itory interneurons. With strengthening of this recurrent inhibition, 
the network effectively recalled missing components without the 
spread of activity into other neurons of the second pattern (Figure 
6B, top truce). Without strengthening of recurrent inhibition, 
during recall, activity spread into neurons representing both pat- 
terns, thereby preventing the ability to distinguish between over- 
lapping stored patterns. Although temporal coding of information 
was not considered in this simulation, LTP of recurrent inhibition 
likely would play an important role in this aspect of processing as 
well. 

DISCUSSION 
In summary, the data presented here suggest that stimulation of 
the Alv in vitro evokes an inhibitory GABAergic input onto CA1 
pyramidal neurons that is under the modulatory influence of 
NMDA-dependent transmission and is capable of NMDA- 
dependent LTP. The Alv-induced inhibitory LTP was distinct 
pharmacologically from LTP of the Schaffer collateral-induced 
excitatory input to CA1 pyramidal neurons in that it had a greater 
sensitivity to the NMDA antagonists APV and NAAG. Specifi- 
cally, the IC,,, for inhibitory LTP was 0.57 PM for APV, compared 
with 5.7 FM for the excitatory LTP. 

The observation that baseline inhibitory transmission can be 
reduced by NMDA receptor antagonists is consistent with the 
presence of NMDA receptors on inhibitory interneurons that can 
be activated from the resting membrane potential, as suggested by 
the Z/V relationship observed for 6-cyano-7-nitroquinoxaline-2,3- 
dione-resistant EPSPs in these cells (Sah et al., 1990; Lacaille, 
1991). A reduction of inhibitory transmission by NMDA receptor 
blockade has been reported in the hippocampus (Hablitz and 

Langmoen, 1986) and the amygdala (Rainnie et al., 1991). Simi- 
larly, a role for NMDA-mediated transmission also has been 
reported for recurrent EPSPs in CA1 pyramidal cells based on the 
partial blockade by APV (Thompson and Radpour, 1991). In 
contrast, the NMDA-dependent current activated by Schaffer 
collateral input onto pyramidal neurons requires depolarization to 
remove an intrinsic Mg*+ blockade (Collingridge et al., 1988). 
The apparent difference in interneuron response could be ex- 
plained if the interneurons have a more depolarized resting state 
than pyramidal neurons, thereby relieving some of the Mg*+ 
blockade. However, this does not appear to be true (Lacaille and 
Williams, 1990; Lacaille, 1991). 

An alternative explanation is that hippocampal interneurons 
express NMDA receptors that differ from those expressed on CA1 
pyramidal neurons. A differential distribution of receptor sub- 
types is not without precedent in the hippocampus (Bochet et al., 
1994). The NMDA receptor also has several possible subunit 
conformations in which, in its most basic form, the NRl subunit 
combines with one or more of the NR2A-D subunits to form a 
functional receptor (Moriyoshi et al., 1991; Monyer et al., 1992). 
These receptor subunits also show distinct regional and develop- 
mental distributions (Laurie and Seeburg, 1994; Monyer et al., 
1994; Watanabe et al., 1994). For example, in the CA1 and CA3 
regions of the hippocampus, NR2A and NR2B are prominent in 
pyramidal neurons, whereas the NR2C and NR2D subunits are 
prominent in subsets of interneurons (Monyer et al., 1994). 

It is important to note in the context of this study that the 
NR2C and NR2D subunits, when combined with NRl subunits, 
form functional receptor channels that have a lower sensitivity to 
Mg2+ blockade and a longer offset decay time (Moyner et al., 
1994) than those formed in conjunction with NR2A or NR2B 
subunits. In addition, splice variants of the NRl subunit have been 
reported to confer NMDA receptors with a differential sensitivity 
to antagonists (Nakanishi et al., 1992). These properties would 
predict that interneurons that contain either the NR2C or NR2D 
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Figure 6. Activity in a network biophysical simulation showing the sig- 
nificance of LTP of recurrent inhibition for recall of stored input patterns. 
This figure illustrates activity during recall. Activity during learning is not 
shown. A, Spiking activity induced in a network of 240 pyramidal cells 
without any strengthening of excitatory intrinsic synapses. Each enclosed 
panel contains 240 neurons plotted in a 15 X 16 matrix. The size of the 
bluck sqrrures represents the number of action potentials generated by 
each pyramidal cell during a 500 msec period of recall. (To the right of 
pattern 2, truces illustrate the membrane potential of neurons 191 and 175. 
The solid square for 191 represents the six spikes generated by that neuron, 
which receives direct afferent input. The absence of a solid square for 175 
represents the absence of spiking activity attributable to the absence of 
strong afferent input to this neuron). For each pattern, the leftpanel shows 
the response to the complete input version of the pattern (with 40 neurons 
active), and the right square shows the response to a degraded input 
version of the pattern (with 24 neurons activated by afferent input). B, The 
spiking activity in the network after learning strengthens the excitatory 
connections between active neurons (excitatory LTP). The network has 
been trained on both pattern 1 and pattern 2, but recall is shown only for 
the complete and degraded version of pattern 2. Activity is shown during 
a 500 msec recall period with and without the strengthening of synapses 
between pyramidal cells and inhibitory interneurons (inhibitory LTP). C, 
With both excitatory LTP and inhibitory LTP, the network responds to the 
complete pattern with no excess spread of activity and responds to the 
degraded input with activity spreading only into neurons, which were a 
component of the original learned pattern. For example, on the right, the 
membrane potential traces show neuron 191 responding to afferent input, 
whereas neuron 175 responds because of synaptic activity spreading from 
other neurons. D, With excitatory LTP in the absence of inhibitory LTP, 
the network responds to both the complete and degraded versions of 
pattern 2 with activity, which spreads to components of the other stored 
pattern, pattern 1. This is attributable to the spread of activity from 
neurons, which were components of both patterns. This additional spread 
can be prevented by stronger recurrent inhibition. On the tight, membrane 
potential traces show the response of neuron 191 and the excess spread of 
activity into neuron 161. In this case, differentiation of the two patterns is 
prevented, because input of either pattern recalls elements of both 
patterns. 

subunit would be capable of detecting and responding to low 
levels of synchronicity in presynaptic terminals or to small 
postsynaptic depolarizations, and that if the appropriate NRl 
splice variant also was present, these same interneurons would 
show a differential sensitivity to NMDA antagonists. The specu- 
lation that NMDA receptor subunit assembly in interneurons is 
different from that of projection neurons is consistent with the 
results reported in this paper. 

The differential sensitivity to NMDA antagonists of inhibitory 
LTP compared with that of excitatory LTP may result from 
several nonmutually exclusive possibilities. First, our data suggest 
that APV can block an NMDA component of the EPSP onto the 
interneuron at concentrations comparable to those that block 
inhibitory LTP. Thus, inhibitory LTP may be reduced as a result 
of a reduced EPSP. The EPSP elicited by low-frequency Schaffer 
collateral stimulation has no such component under control con- 
ditions. Second, there may be different NMDA receptors with 
different affinities for NMDA antagonists on interneurons com- 
pared with those on pyramidal cells. Finally, the measurement of 
inhibitory LTP made in this study is indirect, i.c., the pathway is 
disynaptic, because LTP in the intcrneuron is evaluated by an 
increase in inhibition recorded in a projection neuron. A potential 
consequence of this disynaptic pathway is that small decreases in 
excitatory transmission may have large effects on the number of 
action potentials generated in the interneuron and, thus, result in 
a large decrease in inhibition. This may contribute to the differ- 
ential sensitivity. However, it is likely that this contribution is 
small, at least with respect to the generation of LTP, because the 
slope of the APV concentration-response curve for inhibitory 
LTP is less than that of excitatory LTP. The reverse would be 
expected if the contribution were large. 

The functional change elicited by a selective antagonism of 
NMDA receptor activation on interneurons in the cortex might 
show regional variability, dependent on the degree of NMDA 
modulation of the local circuit inhibition and the network’s de- 
pendence on that inhibition. The latter shows considerable re- 
gional variability as indicated by the limbic system’s highly sensi- 
tive epileptogenic response to GABA, antagonists (Traub et al., 
1993) compared with other regions (Gruenthal et al., 1986). 
Although systemic exposure to NMDA antagonists does not result 
in sufficient disinhibition to elicit epileptiform activity (Javitt and 
Zukin, 1991; Krystal et al., 1994), Olney et al. (1991) have sug- 
gested that it is sufficient in at least the retrosplenial and posterior 
cingulate region of the limbic cortex to evoke excitotoxicity cul- 
minating in cell death. 

The focus of this study is on the disynaptic recurrent inhibitory 
circuit. However, the possibility that along with the activation of 
recurrent inhibition, some feedforward inhibition was also acti- 
vated with our protocol cannot be excluded completely, as is 
possible with the use of paired recordings (Miles and Wong, 1987; 
Miles, 1990). Using a paired-recording paradigm, an unambigu- 
ous activation of the recurrent circuit was obtained in the guinea 
pig CA3 region (Miles and Wong, 1987). It should be noted, 
however, that in examining this circuit for LTP, extracellular 
tetanic stimuli were used that tetanized both feedforward and 
feedback circuits. This resulted in a long-term reduction of the 
disynaptic recurrent inhibitory circuit. Tetanic activation of the 
alveus in adult Wistar rats (Haas and Rose, 1982) or guinea pig 
(Abraham et al., 1987) has been reported to have no effect or to 
evoke only a transient (~5 min) increase in alveus-evoked IPSPs. 
Using juvenile Long-Evans hooded rats, we have attempted to 
restrict the tetanic activation of the alveus to CA1 pyramidal 
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axons by prior lesion of the commisural feedforward axons to- 
gether with an acute lesion that spared only the alveus with a 
resulting LTP of the recurrent inhibitory circuit. 

Accordingly, the focus of the computer simulation was on the 
functional implications of selective disruption of the recurrent 
inhibitory circuit, and the role of feedforward inhibition was not 
included. This simplification was needed for the simulation, be- 
cause feedforward inhibitory activation may well be independent 
of the input to the projection neurons, in contrast to the depen- 
dence of feedback activation. Also, it is less clear if the blockade 
of the NMDA-dependent LTP of feedforward inhibition will 
cause a similar dysfunction, because at least in some cases, it 
appears to be accompanied by a decrease in GABAergic receptor 
efficacy (Stelzcr et al., 1994). 

The simulations indicate that blockade of recurrent inhibitory 
LTP can disrupt normal CA1 neuronal processing by causing an 
abnormal increase in excitatory synaptic associations between 
pyramidal cells in an autoassociation network. The result can be a 
loss of distinctively patterned firing output in response to distinc- 
tively patterned input. This kind of associational interaction be- 
tween projection neurons (Johnston and Wu, 1995) is likely to 
occur to a limited cxtcnt in CA1 (Thomson and Radpour, 1991) 
and to a greater extent in CA3 (Miles and Wang, 1986). The 
present study did not include the CA3 region because of the 
difficulty in restricting feedforward inhibition in this area. 

The simulation did not include the NMDA modulation of the 
acute recurrent IPSP that is suggested by the IPSP reduction of 
30% elicited by APV. The functional implications for this acute 
modulation of pattern differentiation are similar to those of se- 
lective blockade of inhibitory LTP. Because only a modulatory 
influence is blocked by NMDA antagonists, the effect on excit- 
ability is subtle, unlike a full blockade of GABA, inhibition, 
which elicits epileptiform activity (Schwartzkroin and Prince, 
1977). 

Finally, the selective sensitivity of local circuit inhibitory LTP to 
NAAG has potentially important clinical ramifications. Recent 
postmortem studies of brains of schizophrenic patients indicate 
localized increases in NAAG levels, associated with decreases in 
its catabolic enzyme NAALADase that are especially prominent 
in the hippocampus (Tsai et al., in press). The findings from the 
present study indicate that NAAG, by antagonism of the NMDA 
receptor, may induce a selective reduction of the recurrent EPSP 
exciting interneurons and interneuronal LTP. Together with the 
postmortem data, the possibility may be raised that this action of 
NAAG has a pathophysiological role in schizophrenia. 
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