
Long-Term Potentiation in Distinct Subtypes of Hippocampal
Nonpyramidal Neurons

Gianmaria Maccaferri and Chris J. McBain

National Institute of Child Health and Human Development, Laboratory of Cellular and Molecular Neurophysiology,
Bethesda, Maryland 20892-4495

We have investigated NMDA receptor-dependent long-term po-
tentiation (LTP) in distinct subtypes of nonpyramidal neurons of
the CA1 hippocampus using induction protocols that permitted
the differentiation between a direct form of LTP and plasticity
resulting simply from the “passive propagation” of LTP occurring
on CA1 pyramidal neurons. Two types of stratum (st.) oriens/
alveus interneurons received passive propagation of synaptic po-
tentiation via the recurrent collaterals of CA1 pyramidal cells, but
neither subtype possessed direct plasticity. In st. radiatum, two
distinct classes of cells were observed: st. radiatum interneurons

that showed neither direct nor propagated forms of synaptic
plasticity, and “giant cells” for which EPSPs were robustly poten-
tiated after a pairing protocol. This potentiation is similar to the
LTP described in pyramidal cells, and its induction requires NMDA
receptor activation. Thus, a large heterogeneity of synaptic plas-
ticity exists in morphologically distinct neurons and suggests that
complex changes in the CA1 network properties will occur after
the induction of LTP.
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Synaptic plasticity of the CA1 subfield of the rat hippocampus has
been extensively studied and characterized in pyramidal cells
(Bliss and Collingridge, 1993; Malenka and Nicoll, 1993; Lisman,
1994). Although many issues still are under debate (Kullmann and
Siegelbaum, 1995), the mechanisms involved in the induction of
long-term potentiation (LTP) and long-term depression (LTD)
have been elucidated (Bliss and Collingridge, 1993; Malenka,
1994). Both forms of plasticity require the activation of postsyn-
aptic NMDA receptors (NMDARs) and an elevation of intracel-
lular calcium levels (Collingridge et al., 1983; Malenka et al., 1988,
Dudek and Bear, 1992; Mulkey and Malenka, 1992), which lead to
phosphorylation or dephosphorylation processes (Malinow et al.,
1988; Malenka et al., 1989; Mulkey at al, 1993; Lisman, 1994).
At the level of the hippocampal network, the net flow of

information in the CA1 region is strongly modulated by the action
of the nonpyramidal neurons, the cell bodies of which are distrib-
uted throughout all layers of the hippocampus (Lacaille et al.,
1987, 1989; Lacaille and Schwartzkroin, 1988a,b; Buhl et al., 1994;
Sik et al., 1994, 1995; Cobb et al., 1995; Maccaferri and McBain,
1995) (for review, see Freund and Buzsaki, 1996). The vast ma-
jority (;90%) of these cells have been shown to be glutamate
decarboxylase (GAD)- positive inhibitory interneurons (Woodson
et al., 1989), the axons of which target different domains of the
pyramidal cell dendritic tree (Gulyás et al., 1993; Buhl et al., 1994;
Sik et al., 1995). Therefore, the possibility of additional synaptic
plasticity occurring in nonpyramidal cells would greatly increase
both the power and the level of complexity of signal processing in
the CA1 subfield. Indeed, several reports have shown that after
tetanic stimulation, changes occur in (1) evoked nonpyramidal cell
firing probability (Buzsaki and Eidelberg, 1982), (2) IPSP ampli-

tudes recorded on pyramidal cells (Xie and Sastry, 1991; Mor-
ishita and Sastry, 1991), and (3) EPSP or EPSC amplitudes
recorded in interneurons (Taube and Schwartzkroin, 1987; Stelzer
et al., 1994; Ouardouz and Lacaille, 1995). In addition, however,
synaptic depression occurring at the Schaffer collateral–pyramidal
neuron synapses can “passively propagate” to interneurons of the
st. oriens/alveus and influence the excitatory drive of these cells
(Maccaferri and McBain, 1995). The contribution of passive prop-
agation to other reported forms of inhibitory neuron “plasticity”
largely remains untested.
Most of the previous studies have used experimental paradigms

that involve tetanic stimulation to induce LTP. The use of a
tetanic stimulation protocol, however, does not distinguish be-
tween direct or passively propagated forms of synaptic plasticity.
In the present paper, we have investigated the possible induction
of NMDAR-dependent (Sah et al., 1990; Perouansky and Yaari,
1993) LTP in different subtypes of nonpyramidal cells using pro-
tocols that differentiate between a direct form of LTP and its
passive propagation from the recurrent collaterals of CA1 pyra-
midal cells. Our results show a heterogeneity of plastic responses
that depend on the cell type and its relative position in the
hippocampal network.

MATERIALS AND METHODS
Slice preparation. The methods for preparation of hippocampal slices
were similar to those described previously (Maccaferri and McBain,
1995). Briefly, transverse hippocampal slices (300–350 mm thick) were cut
on a vibratome (Oxford series 1000) from Sprague–Dawley rats postnatal
day (P) 16–22 after isoflurane anesthesia. Slices were incubated in a
solution containing (in mM): 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25
NaH2PO4, 1 CaCl2, 3 MgSO4, 10 glucose saturated with 95% O2/5% CO2,
pH 7.4, and held at room temperature and allowed a recovery period of
at least 1 hr before use.
Electrophysiological methods. All recordings were performed at room

temperature (;22–268C) using an extracellular medium of the following
composition (in mM): 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 2.5
CaCl2, 1.2 MgSO4, 10 glucose, saturated with 95% O2/5% CO2, pH 7.4.
Synaptic responses were evoked by stimulation of st. radiatum afferents
(100–150 msec duration, 20–300 mA intensity) via a constant current
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isolation unit (A360, World Precision Instruments, Sarasota, FL) con-
nected to a concentric bipolar electrode (Frederick Haer and Company).
Stimulus intensities were chosen that evoked a subthreshold EPSP during
the baseline collection period. Extracellular field population spikes (fPS)
were recorded in CA1 st. pyramidale using a whole-cell pipette filled with
extracellular solution using an Axoclamp 2B (Axon Instruments, Foster
City, CA) in bridge mode. Bicuculline methobromide (1 mM) was rou-
tinely added to the extracellular medium to reduce inhibition. Recordings
from single cells were performed using either perforated-patch (Korn et
al., 1991) or whole-cell (Hamill et al., 1981; Edwards et al., 1989)
recording configurations with an Axopatch 1-D amplifier (Axon Instru-
ments) in current-clamp mode. Tight-seal (. 1 GV), whole-cell record-
ings were performed under visual control using a 403 Hoffman, water-
immersion, objective (Zeiss). Positive pressure was applied to the inside
of the electrode while penetrating the slice (Blanton et al., 1989). Using
this recording arrangement, it was possible to clearly identify the cell
body of the target cell and its proximal dendrites. Horizontal and vertical
st. oriens/alveus interneurons (OAIs) were easily distinguished because of
the orientation of their cell bodies and dendrites. St. radiatum “giant
cells” (RGs) also had a stereotypical appearance, and were selected
because of their triangular cell body with two main diverging dendritic
shafts emerging from the soma (see Fig. 5). Whole-cell electrodes had a
resistance ;3 MV when filled with (in mM): 100 K-gluconate, 0.2 EGTA,
1.5–5.0 MgCl2, 0–7.5 NaCl, 2.0 ATP2Na, 0.3 GTPNa, 40 HEPES, pH
7.2–7.3. Biocytin (0.2–0.4%) was routinely added to the recording elec-
trode to allow post hoc morphological processing of the recorded cell.
The perforated-patch recording configuration was achieved in a two-step
procedure. First, a regular cell-attached seal on the target cell was
obtained with electrodes filled with the following solution (in mM): 100
K-gluconate, 10 tetraethylammonium chloride (TEA), 40 HEPES, 0.2–
0.4% biocytin. Second, to obtain the perforated-patch configuration, an
identical solution containing gramicidin (20 mg/ml) (Kyrozis and Reich-
ling, 1995) was perfused into the tip of the electrode, using a commer-
cially available intracellular perfusion kit (2PK1, Adams and List, West-
bury, NY). Perforated-patch configuration usually was achieved 20–40
min after perfusing the electrode tip, and the series resistance (range,
30–100 MV) was continuously monitored using electrotonic current
injection. The inclusion of the potassium channel blocker TEA in the
intracellular solution facilitated detection of recordings in which sponta-
neous breakthrough of the seal probably had occurred. Consequently,
cells were rejected when a sudden decrease in series resistance and/or a
broadening of the action potential duration, caused by TEA entry into the
cell, was observed. At the end of each experiment, breakthrough into a
whole-cell configuration was attempted to permit introduction of biocytin
into the cell under study. This manipulation allowed post hoc morpho-
logical identification of the cells from which recordings were made. No
differences were observed in data obtained from either whole-cell or
perforated-patch recording configurations; therefore, in experiments in
which both recording configurations were used, data were pooled to-
gether in the summary plots. All the data are expressed as percentage of
control as mean 6 SEM. When appropriate, Student’s t test was applied.
Data analysis. Data were acquired and digitized with an A/D interface

(Digidata 1200, Axon) and analyzed by use of commercial software
(pCLAMP6, Axon) (Origin 3.73, Microcal). EPSP initial slopes were
calculated using a least-squares regression to minimize the contribution
of voltage-activated conductances. In experiments in which the EPSP was
contaminated by a spike after LTP induction, care was taken to exclude
the upstroke of the action potential during analysis. fPS amplitudes were
measured as the excursion between the first positive and the first negative
peak. Traces are shown as averages of 5–10 consecutive recordings. The
measurements obtained from every six traces were averaged to produce a
single value for every minute data point.
All averaged values reported were calculated from data collected over

a 5 min period that was between 10 and 15 min after pairing induction
protocol and 25 and 30 min after tetanus protocol. Data were compared
to the averaged value obtained from the 5 min immediately before the
relevant induction protocol. For simplicity, all data were expressed as a
percentage relative to the initial 5 min baseline, which was arbitrarily set
at 100%.
LTP-inducing protocols. During the course of an experiment, cells were

held at 270 to 275 mV, using constant current injection. Synaptic events
were evoked at a control frequency of 0.1 Hz. LTP was induced by means
of two protocols: pairing and tetanization. The pairing protocol consisted
of a 1 Hz stimulation of 60 sec duration, coupled to cell depolarization to
approximately 220 mV, using current injection. During the pairing

protocol, the amplitude of the recorded EPSP was monitored and was
always observed to decrease dramatically, indicating that significant de-
polarization of membrane potential was achieved. The tetanization pro-
tocol consisted of a train of four separate tetani (100 Hz, 1 sec duration)
delivered to st. radiatum fibers every 15–30 sec.
Histological methods. Slices were fixed in 4% paraformaldehyde (.24

hr), immersed in PBS containing 30% sucrose, and resectioned into;150
mm sections on a freezing microtome. Biocytin staining was revealed
using an avidin/horseradish peroxidase reaction (Vectastain ABC, stan-
dard kit) and enhanced using 1% NiNH4SO4/1% CoCl2 to permit visu-
alization of the axon. Slices were mounted and dehydrated on gelatin-
coated glass slides for camera lucida reconstruction.

RESULTS
It is useful to first address some technical issues relevant to the
interpretation of the data presented in this study. NMDAR-
dependent LTP can be induced in pyramidal cells either by pairing
low-frequency stimulation with cell depolarization or by tetanic
stimulation of the afferent pathway. Both methods have proven
reliable induction protocols and yield comparable results in CA1
pyramidal neurons. However, the same protocols cannot be re-
garded as equivalent when applied to interneurons, which may
receive both innervation from the afferent pathway undergoing
stimulation and inputs from the recurrent collaterals of CA1
pyramidal cells. The use of a pairing procedure, therefore, allows
induction of LTP only in the cell under study, the NMDARs of
which are relieved of Mg21 blockade during depolarization
(Mayer et al., 1984; Nowak et al., 1984), and not in the surround-
ing pyramidal cells which undergo, in contrast, LTD resulting
from the 1 Hz stimulation (Mulkey and Malenka, 1992). There-
fore, application of the pairing procedure to interneurons receiv-
ing innervation from CA1 pyramidal cells will dissociate direct
LTP from passive propagation of the LTD occurring at synapses
on pyramidal cells. Consequently, any pairing-induced LTP ob-
served in a single cell cannot result from the passive propagation
mechanism and can be explained only by a direct mechanism. In
contrast, tetanic stimulation may simultaneously induce LTP, both
in the interneuron under study and in the pyramidal cell popula-
tion. Therefore, LTP observed in a nonpyramidal cell after teta-
nization has ambiguous origins, possibly arising from a direct
mechanism or as passive propagation from principal cells. Thus,
to determine unequivocally the site of plasticity, we have applied
both protocols sequentially to the cell under study.
Another technical issue that may be useful to discuss here is the

validity of the patch-clamp technique in the study of “in vitro”
synaptic plasticity. Although direct LTP has been widely recorded
in pyramidal cells under whole-cell conditions, washout of cyto-
plasmic components necessary to induce LTP has been reported
to occur after;30 min (Kato et al., 1993) (however, see also Clark
and Collingridge, 1995). In the present manuscript, we have
combined both perforated-patch (Korn et al., 1991) and whole-
cell recording techniques. In the experiments in which whole-cell
recording techniques were used, we reduced the baseline record-
ing before the pairing induction protocol to 5 min. Moreover, the
data obtained under perforated-patch recording conditions, in
which no washout can occur, are in complete agreement with the
whole-cell results.

OAIs
Recordings were made from two distinct cell types in the st.
oriens/alveus, which have been described previously as horizontal
and vertical (Schlander and Frotscher, 1986; McBain et al., 1994;
Blasco-Ibáñez and Freund, 1995; Maccaferri and McBain, 1995;
Zhang and McBain, 1995). Typically, as shown in Figure 1, the
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axons of horizontally oriented interneurons ramified in st.
lacunosum/moleculare and had dendritic trees confined to the st.
oriens/alveus. In contrast, vertically oriented cells had axons that
typically innervated st. pyramidale and possessed dendrites that
projected into st. radiatum. EPSPs from both types of cells were
recorded using perforated-patch and whole-cell patch-clamp tech-
niques after stimulation of st. radiatum afferents. Simultaneous
monitoring of CA1 pyramidal cell activity was made using an
extracellular electrode placed in st. pyramidale. As is clearly
shown in Figure 1, the onset of the EPSP recorded from horizon-
tal cells was preceded by the peak of the fPS, (n 5 9). This result
confirms our previous report suggesting a pure feedback role for
horizontal interneurons (Maccaferri and McBain, 1995) (see also
Blasco-Ibáñez and Freund, 1995). In contrast, the onset of the
EPSP in vertical interneurons always preceded the fPS peak (n 5
9). Moreover, in eight of nine vertical cells, a clear biphasic
synaptic response was discernible (arrow in Fig. 1). These data are
consistent with both a feedforward excitation of vertical OAIs by
Schaffer collateral inputs and a feedback innervation of the OAIs
by the recurrent collaterals of CA1 pyramidal neurons (Lacaille et
al., 1987). It should be noted, however, that our data support only
feedforward excitation of vertically and not of horizontally ori-
ented interneurons.
Although we have reported previously the absence of a direct LTD

in horizontal OAIs (Maccaferri andMcBain, 1995), no detailed study
was performed to analyze the possible induction of LTP in these
cells. We therefore first investigated the effect of tetanic stimulation
and the possible involvement of NMDARs in LTP induction in
horizontal OAIs. As shown in Figure 2, tetanic stimulation in the
presence of D-AP5 (50 mM) was ineffective in inducing LTP either of
the fPSs (A1) or the simultaneously recorded interneuron EPSPs

(A2) (117.56 14.1% for fPS, n5 6, NS and 106.26 7.3% for EPSP,
n 5 6, NS). However, after washout of D-AP5, LTP could be
obtained in both recordings (198.26 36.4%, n5 6, p, 0.05 for fPS;
155.2 6 13.1%, n 5 6, p , 0.05 for EPSP). This result suggests that
horizontal OAIs undergo a LTP process similar to that described in
pyramidal neurons, or alternatively, the observed activity may reflect
passive propagation of LTP induced at synapses onto CA1 pyramidal
cells. In the first hypothesis, NMDARs located on the interneuron
would be responsible for the induction of plasticity, whereas in the
case of passive propagation, NMDARs on pyramidal cells would be
involved.
To discriminate between these two possibilities, we attempted

to induce LTP in horizontal interneurons by means of a pairing
protocol. The pairing protocol matches low-frequency stimulation
(1 Hz) with cell depolarization (approximately 220 mV), as
reported previously for CA1 pyramidal cells (Gustafson et al.,
1987; Malinow and Tsien, 1990; Malinow, 1991; Schuman and
Madison, 1994; Isaac et al., 1995; Liao et al., 1995). This pairing
protocol has the advantage of inducing LTP only in the cell under
study. The other cells, which are not depolarized by current
injection through the recording pipette, will be subjected only to
the 1 Hz stimulation at their resting potentials. After this induc-
tion protocol, the fPS was depressed as would be expected from
low-frequency stimulation (Dudek and Bear, 1992; Mulkey and
Malenka, 1992) and, despite the depolarization applied during 1
Hz stimulation, a similar depression was apparent in the inter-
neuron EPSP (82.9 6 4.7% for fPS, n 5 5, p , 0.05; 81.6 6 4.5%
for EPSP, n5 5, p, 0.05) (Fig. 2, B1,B2). However, both the fPS
and interneuron EPSPs were potentiated by a subsequent tetanic
stimulation (125.7 6 6.8% for fPS, n 5 5, p , 0.05; and 161.0 6
11.0% for EPSP, n 5 5, p , 0.05). These data strongly suggest

Figure 1. Horizontal and vertical OAIs can be differ-
entiated both morphologically and electrophysiologi-
cally. A typical horizontal OAI is shown (A1); note its
dendritic tree confined to st. oriens (O) and its axonal
projection to st. lacunosum/moleculare (L-M). In A2,
the result from a representative double-recording ex-
periment is shown. After stimulation of st. radiatum (R)
afferents, note that the peak of the fPS (upper trace)
precedes the onset of the EPSP (lower trace) (13.2
msec). B1 shows a vertical interneuron; note the den-
dritic arborization in both st. oriens and radiatum and
the axonal plexus largely restricted to st. pyramidale
(P). B2 shows a biphasic EPSP recorded from a vertical
cell after afferent stimulation; note the early component
preceding the fPS, whereas a second component fol-
lows it (23.9 and 12.8 msec, respectively).
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that we are inducing LTP only on CA1 pyramidal neurons and,
consequently, we are observing a passively propagated form of
LTP on this class of interneurons.
Figure 3 illustrates the results obtained in experiments in which the

same test protocol was applied to vertical OAIs. In cells, which
displayed a clear biphasic response (4 of 6 interneurons), the initial
slope of the early EPSP (EPSP1, occurring before the fPS) and the
slope of the second component (EPSP2) were examined indepen-
dently. Low-frequency stimulation resulted in a depression of the fPS
amplitude (53.5 6 7.2%, n 5 6, p , 0.05) as expected. Although no
change in the slope of the early EPSP component occurred (99.8 6
5.2%, n5 6, NS), a clear depression of the second EPSP component
was observed (69.26 7.0%, n5 4, p, 0.05), in parallel with the fPS
response. When subsequent tetanic stimulation was applied, the fPS
amplitude was potentiated (122.1 6 17.9%, n5 6, p, 0.05), but no

significant change could be observed in the early EPSP response
(90.96 4.87%, n5 6, NS). In contrast, a marked potentiation of the
second EPSP component occurred (117.36 13.6%, n5 4, p, 0.05),
similar to the fPS. Moreover, the latency of detection of the second
EPSP component and the fPS peak shifted in parallel, consistent
with the second EPSP component being generated by the recurrent
collaterals of CA1 pyramidal neurons (Fig. 3, arrows in A1,A3 for
fPS and EPSP2, respectively). These results argue against a direct
form of synaptic plasticity in the feedforward component, yet strongly
suggest passive propagation of plasticity only in the secondary feed-
back component of the EPSP on vertical interneurons.

St. radiatum interneurons (RIs)
We have included in this category all cells whose soma were
present in st. radiatum, although their axons innervated various

Figure 2. NMDARs are involved in passive propagation, but not in direct plasticity of horizontal OAIs. A1, Average plot showing the effect of D-AP5
(50 mM) (solid bar) during tetanization (arrow) on the fPS recorded in st. pyramidale. No LTP could be elicited in the presence of the drug (117.5 6
14.1%), although the slices were sensitive to tetanization after washout of the blocker (198.2 6 36.4%). A2, A similar result was obtained in the
simultaneously recorded interneuron EPSP (106.2 6 7.3% in the presence of D-AP5 vs 155.2 6 13.1% after washout). Data from n 5 6 whole-cell
experiments. Insets in A1 and A2 show averaged traces at the start of the experiment (1), after tetanization in the presence of the drug (2), and after
tetanization in a drug-free medium (3). B1 shows the effect of the pairing and tetanus protocol on the fPS; 1 Hz (bar) stimulation causes depression
(82.9 6 4.7%) of the amplitude of the fPS, followed after tetanization (arrow), however, by potentiation (125.7 6 6.8%). B2, The same protocol applied
to simultaneously recorded interneurons failed to induce LTP during the pairing protocol. Despite the interneuron receiving both 1 Hz stimulation and
depolarization, pairing (P) was followed by a depression, similar to that seen in the fPS (B1) (81.6 6 4.5%). LTP could, however, be induced in the
interneuron by tetanic stimulation, in parallel with potentiated fPSs (161.0 6 11.0%). Data from n 5 5 perforated-patch experiments. Averaged traces
are shown in B1 and B2 in control (1), after pairing procedure (2), and after tetanic stimulation (3).
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regions of the CA1 subfield (e.g., Fig. 4 A1). In this class, all cells
possessed similar electrophysiological properties and displayed
continuous repetitive firing despite their heterogeneous morphol-
ogies. As shown in Figure 4 A2, these neurons responded to
positive current injection with a train of nonaccommodating ac-
tion potentials. A prominent sag occurred during negative elect-
rotonic pulses, typical of anomalous rectification (Maccaferri et
al., 1989). Stimulation of st. radiatum afferents elicited a synaptic
response the onset of which preceded the peak of the simulta-
neously recorded fPS. These data are consistent with a predom-
inant feedforward excitation of these cells (Lacaille and Schwartz-
kroin, 1988a; Williams et al., 1994). When the pairing and
subsequent tetanus protocol was applied to these cells, no change
occurred in the strength of synaptic transmission (105.9 6 4.7 and
110.66 6.7%, respectively, n5 8, NS), despite a depression of the
simultaneously recorded fPS after the 1 Hz protocol (79.7 6

2.2%, n 5 8, p , 0.05) and a potentiation of the fPS after the
tetanic protocol (127.26 9.0%, n5 8, p, 0.05). In three of eight
interneurons, although no changes were apparent on the initial
slope of the EPSP, it often was possible to discern a late compo-
nent of the EPSP that occurred only after tetanic stimulation,
suggesting the presence of passive propagation of LTP on a
population of these cells. Alternatively, the recruitment of the
later component of the EPSP after tetanization simply may reflect
changes elsewhere in the circuit, e.g., back propagation from CA3
and/or changes in GABAB inhibition. However, because of the
lack of a clear biphasic response and/or the contamination of this
component by action potential firing, we were unable to reliably
quantify this observation.

RGs
Among the heterogeneous cell types in st. radiatum from which
recordings were made, we frequently observed a cell type that
showed stereotyped morphological and electrophysiological char-
acteristics. We have referred to these cells as st. radiatum “giant
cells” because of their extensive dendritic trees. Three of these
neurons are illustrated in Figure 5 to underscore their morpho-
logical homogeneity: typically these cells possessed a large, trian-
gular shaped cell body (;30 mm) with its apex directed toward st.
pyramidale. The dendritic tree was extremely elaborate, branch-
ing immediately away from the cell body in two main dendritic
shafts, which could extend to, and cross, the hippocampal fissure.
In contrast, only a relatively restricted dendritic tree emerged
from the apical end of the soma. The RG morphology closely
resembles both the CA1 cells described by Lang and Frotscher
(1990) (their Fig. 7b) and a cell type observed in the inferior
region of the hippocampus (Amaral and Woodward, 1977) sub-
sequently shown to be GAD-immunopositive (Woodson et al.,
1989). The axons of these cells typically traversed the pyramidal
cell layer and passed into st. oriens. We never observed axon
ramification in the pyramidal cell layer as reported by Amaral and
Woodward (1977); however, in the cell shown in Figure 5A1, an
axon collateral courses along the st. pyramidale/oriens border.
The electrophysiological properties of these cells were not de-
scribed previously. These cells did not display spontaneous rhyth-
mic activity, allowing determination of their resting membrane
potential (249.8 6 1.0 mV, n 5 15). The response to positive
current injection elicited a train of action potentials with modest
accommodation (Fig. 5A), whereas negative current steps induced
a sag in the voltage response that, on return to rest, could give rise
to a rebound burst of action potentials (n 5 4). The onset of the
evoked EPSP elicited by stimulation of st. radiatum afferents
always preceded the peak of the fPS, consistent with feedforward
activation of this cell type (Fig. 5B). Application of the pairing
protocol to these neurons (Fig. 6) induced robust LTP. The EPSP
slope increased to 161.66 14.6% (n5 7, p, 0.05) of control. The
fPS recorded in st. pyramidale was, on the contrary, decreased to
59.2 6 8.5% (n 5 7, p , 0.05). This result suggests that RGs may
undergo a direct form of LTP similar to that observed in pyrami-
dal cells. To test the NMDAR dependency of LTP induction in
these cells, we performed identical experiments in the presence of
D-AP5 (25–50 mM). Under these conditions, no LTP could be
observed (113.9 6 6.9%, n 5 4, NS), suggesting a mechanism
similar to LTP induction in pyramidal cells. In fact, after washout
of D-AP5, LTP could be induced by a pairing protocol in the same
cells (150.4 6 10.6%, n 5 4, p , 0.05).

Figure 3. Passive propagation of LTP in vertical OAIs is restricted to the
second component of the EPSP. Response of the st. pyramidale fPS to
pairing and tetanization (A1) shows that the slices are responsive to both
1 Hz (bar) and tetanic (arrow) stimulation (53.5 6 7.2 and 122.1 6 17.9%
after 1 and 100 Hz, respectively). The analysis of the interneuron EPSP is
shown in A2 for the first and in A3 for the second component. Note that
changes after the LTP-inducing protocols appear only in the later com-
ponent (A3) (EPSP2, 69.2 6 7.0 and 117.3 6 13.6% after pairing and
tetani, respectively) and not in the early component (A2) (EPSP1, 99.8 6
5.2 and 90.96 4.87% after pairing and tetani, respectively). Data from n5
3 perforated-patch and n 5 3 whole-cell experiments. Insets are averaged
traces in control (1), after pairing (2), after tetanization (3), and super-
imposed (1–3). Note also the parallel shift to the left of both the peak fPS
and the onset of EPSP2 after tetanization (arrows in the insets).
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DISCUSSION
LTP in OAIs
The observation that the EPSP onset of horizontal OAIs always
followed the pyramidal cell fPS peak confirmed previous electro-
physiological and in vivo morphological studies (Blasco-Ibáñez
and Freund, 1995; Maccaferri and McBain, 1995) showing that
these neurons are primarily “feedback” cells, and are not inner-
vated by CA3 pyramidal neuron afferents. In these cells, tetanic
stimulation induced a strictly NMDAR-dependent form of LTP
that was completely prevented by application of AP5. When
tested for LTP using pairing, horizontal interneurons showed a
synaptic depression; however, they could be potentiated after
tetanic stimulation. These results are most easily explained by the
occurrence of only a pure passive propagation of synaptic plastic-
ity onto these cells. It should be noted, however, that in these
experiments, the pairing procedure tested not only for potentia-
tion at putative synapses between Schaffer collateral–commissural

fibers and the interneuron, but also at theCA1 recurrent collateral–
interneuron synapse. In fact, during the 60 sec period of 1 Hz
stimulation, the fPS is actually increased, ensuring propagation of
the stimuli from st. radiatum afferents to the horizontal interneu-
rons via pyramidal cell firing. In this case, pairing will induce both
direct LTP (if present) and, in addition, passive propagation of
LTD. Therefore, any change or lack of change in the EPSP may
reflect the summation of both direct LTP and indirect LTD, which
could even cancel each other out. In our experiments, however,
the response of horizontal OAIs to either protocol followed that
of the simultaneously recorded fPS. On a quantitative level, both
the fPS and OAI EPSPs demonstrated similar magnitudes of
LTD, but different magnitudes of LTP. In Figure 2 A, the amount
of fPS LTP is larger than the corresponding OAI EPSP; however,
the opposite observation is true for the data presented in Figure
2B. The quantitative differences between the fPS and EPSP
plasticity may simply reflect differing magnitudes of LTP induced

Figure 4. St. RI lack both forms of synaptic plasticity. An example of an RI is shown in A1; note the selective targeting of st. pyramidale by its
axon. A2, RIs respond to step currents with little adaptation during positive current injection, whereas a clear sag of the voltage response was
noticeable during negative current pulses. The cell was held at 260 mV. A3, Simultaneous recording of an fPS in st. pyramidale (upper trace) and
interneuron-evoked EPSP (lower trace); note that the fPS peak occurs after the onset of the interneuron EPSP (22.0 msec). B1, Although the fPS
shows depression of the pyramidal cell response after pairing (1 Hz; 79.7 6 2.2%) and potentiation after tetanization (arrow, 127.2 6 9.0%), the
EPSP evoked in the interneurons was virtually unchanged (105.9 6 4.7 and 110.6 6 6.7%, respectively). Data from n 5 8 perforated-patch
experiments.
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in the cells that generate fPS, compared with the actual pyramidal
cells that innervate the OAI under study. Thus, the presence of
direct NMDAR-dependent LTP in horizontal OAIs is very un-
likely, whereas we can show the presence of a robust passive
propagation mechanism.
The EPSP onset of vertical cells always preceded the fPS peak,

consistent with feedforward excitation of these neurons. In ;80%
of cells, a biphasic EPSP was observed, with a component that
preceded the fPS and a second component time locked to the
peak of the fPS consistent with both feedforward and feedback
excitation of these cells, in agreement with previous reports
(Lacaille et al., 1987, 1989). After the pairing and tetani protocol,
no significant change was detected in the first component, whereas
the later component followed the fPS activity. These results argue
against a direct form of LTP in vertical OAI, whereas they support
a role for passive propagation, similar to horizontal cells. It is
somewhat surprising that the same st. radiatum afferents that
make synaptic contact with CA1 pyramidal cells, which are able to
undergo synaptic plasticity, do not possess this capability at feed-
forward synapses onto interneurons. This may reflect either a
heterogeneity of receptors on the postsynaptic membranes of
interneurons or the lack of some cytoplasmic component(s) es-
sential for the LTP cascade in these cells. Because OAIs possess

the calcium binding proteins parvalbumin, calretinin, and
calbindin-D28K (Sloviter, 1989; Toth and Freund, 1992), it is
possible that [Ca21]i buffering is sufficient to prevent attainment
of the induction threshold for synaptic plasticity. This hypothesis
is unlikely, however, because it presumes the existence of ade-
quate LTP-inducing machinery in a nonpermissive environment.
Alternatively, we would favor the lack of some of the necessary
components required for LTP induction. Our results contrast to
those reported by Ouardouz and Lacaille (1995), who reported
LTP in an unidentified st. oriens cell type. In these studies, tetanic
stimulation was used to induce LTP, which does not allow a clear
distinction between direct plasticity and passive propagation. In
their study, however, the use of BAPTA-loaded electrodes pre-
vented induction of LTP in OAIs, suggesting that a direct form of
cellular LTP was indeed present. However, in these experiments
the authors did not monitor the extracellular pyramidal fPS as a
positive control to confirm that plasticity actually did occur in the
slices used for these experiments (Mulkey and Malenka, 1992). At
this time, it is difficult to explain the discrepancies between their
experiments and the present data. We cannot rule out, however,
the possibility that other morphologically distinct interneurons in
st. oriens/alveus display plastic properties.

Figure 5. Basic morphological and electrophysiological
characteristics of RGs. A1–A3 show camera lucida draw-
ings from representative cells of this class. Calibration bar,
50 mm. Note the triangular cell body from which two main
diverging dendritic shafts emerge and the axon collateral
ramifying in st. oriens/alveus (arrows). B shows the voltage
response to current injection; a train of action potentials
was elicited by positive current, whereas a depolarizing sag
was apparent on negative current injection. A brief burst
of action potentials was observed on the anode break. In
double-recording experiments (C), the onset of the EPSP
preceded the onset of the peak of fPS (arrow) (23.8
msec), suggesting feedforward activation.
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LTP in st. RIs
RIs represent a heterogeneous category of cells, and although
several studies have documented their different morphologies and
axonal targets (Schlander and Frotscher, 1986; Lacaille and
Schwartzkroin, 1988a; McBain et al., 1992; McBain and Dingle-
dine, 1993; Valtschanoff et al., 1993; Williams et al., 1994; Khazi-
pov et al., 1995), no classification of these cells exists. In marked
contrast to the properties of the CA3–CA1 pyramidal cell syn-
apses (Bliss and Collingridge, 1993), stimulation of the same
Schaffer-collateral afferents by either a pairing or tetanus protocol
failed to induce any form of synaptic plasticity. It is important to
note that despite the lack of any direct interneuron plasticity, the
simultaneously recorded fPS in st. pyramidale responded to both
1 Hz and tetanic stimulation with depression and potentiation,
respectively. These results are in agreement with those reported
by Ouardouz and Lacaille (1995). In experiments designed to

reveal subtle plastic changes, we compared the response with the
pairing induction protocol in cells recorded in the presence and
absence of AP5, both these cells and vertical OAIs showed a total
lack of direct LTP (data not shown).

LTP in RGs
Woodson et al. (1989) reported that ;90% of cells for which the
somata lie outside st. pyramidale show GAD- or GABA-
immunoreactivity. However, pyramidal neurons whose cell bodies
are ectopically located out of the pyramidal cell layer are known to
exist in both st. radiatum and oriens (Ramon y Cajal, 1911). The
response of RGs to current injection was clearly different to that
observed in RIs. Although depolarizing current injection always
elicited a train of action potentials, the degree of accommodation
was usually larger than that observed in RIs. The absence of spon-
taneous action potential activity and presence of spike accommoda-
tion suggests that although RGs may represent a subclass of st.
radiatum inhibitory interneurons, we cannot eliminate the possibility
that these cells are simply ectopically located pyramidal cells. Given
the ambiguous nature of these cells, we are at present undertaking a
detailed morphological and electron microscopic study of these neu-
rons to clarify the issue. The confinement of their dendritic trees to
st. radiatum/lacunosum/moleculare and synaptic responses that pre-
ceded the peak of the fPS suggest that this cell type is primarily
innervated by feedforward afferents.
The giant-cell of st. radiatum was the only cell type tested that

responded with potentiation to the pairing protocol. As discussed
previously, induction of LTP by a pairing protocol is unequivocal
evidence for direct LTP. Whereas the fPS was decreased after the
1 Hz stimulation, the EPSP recorded from the RG was potenti-
ated, establishing that these cells possess a direct form of LTP.
Even if the EPSP was contaminated by the passive propagation of
plasticity from pyramidal cells, this cannot account for the ob-
served potentiation, because pyramidal cells were depressed after
the 1 Hz stimulation. Because the induction of LTP in these cells
was blocked by the NMDAR antagonist D-AP5, these data suggest
that this class of st. radiatum cells possess mechanisms of LTP
induction similar to CA1 pyramidal cells.

LTP in interneurons and network effects
Our results provide clear evidence for a heterogeneity of plasticity
among different classes of nonpyramidal neuron using both pair-
ing and tetanic induction protocols. Our data do not rule out,
however, the existence of other forms of synaptic plasticity in
interneurons that can be induced by other stimulus paradigms.
Considering the precision and variability of axonal targeting from
interneurons to different regions of pyramidal cell dendritic tree
(Gulyás et al., 1993; Sik et al., 1995), our data suggest that the
network properties of the hippocampal CA1 region will be
strongly and selectively influenced by induction of synaptic plas-
ticity. Horizontal OAIs innervate almost selectively st. lacunosum/
moleculare and modulate activity between the temporoammonic
pathway inputs and the CA1 pyramidal cell apical dendrites
(Maccaferri and McBain, 1995). The reciprocal interplay between
LTP and LTD on these cells likely will influence the information
flow from the entorhinal cortex into the intrinsic hippocampal
circuitry. In contrast, the main axonal target of vertical OAIs lies
in both the pyramidal cell (McBain et al., 1994) and dendritic
layers of CA1 (Lacaille et al., 1987; Sik et al., 1995). Excitation of
this class of interneurons may therefore prevent the generation of
sodium or calcium spikes, initiated at the axon hillock or dendrites
of pyramidal cells, respectively (Stuart and Sakmann, 1994; Miles

Figure 6. The induction of LTP in RGs is NMDAR-dependent. Al-
though a depression of the amplitude of fPSs followed the pairing pro-
cedure (A1) (59.26 8.5%), the simultaneously recorded EPSP from single
RGs was potentiated (A2) (161.6 6 14.6%). Data from n 5 3 perforated-
patch and n 5 4 whole-cell experiments. In the presence of D-AP5 (25–50
mM) (bar in B), LTP was prevented (B) (113.9 6 6.86%), but was induced
after washout of the drug (150.4 6 10.6%; n 5 4 perforated-patch
experiments). Insets in A1 and A2 are averaged traces before (1), after the
pairing procedure (2), and superimposed (1, 2). Insets in C represent
averaged traces before (1), after pairing (2), and superimposed (1, 2) in
the presence of D-AP5, and before (3), after pairing (4), and superimposed
(3, 4) after washout of D-AP5.
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et al., 1996). The weight of the inhibitory role played by these
interneurons will be strongly influenced by activity from the CA1
pyramidal cell recurrent collaterals and will be further intensified
after induction of LTP in CA1 pyramidal neurons. This form of
inhibition may be important in preventing multiple spike dis-
charges or epileptiform activity induced by synaptic activation of
pyramidal cells after establishment of LTP. In this scenario, after
LTP induction, the interplay between a potentiated EPSP, which
will facilitate pyramidal cell firing, and the consequent passive
propagation of LTP onto a vertical OAI will result in a potenti-
ation of a late IPSP component onto pyramidal neurons, which
may act to prevent the occurrence of prolonged spike discharges.
However, it has been shown previously that even when interneu-
ron afferents demonstrate LTP, the IPSP onto pyramidal cells
could be depressed postsynaptically (Morishita and Sastry, 1991;
Xie and Sastry 1991; Stelzer et al., 1994), adding another level of
complexity to the network effects of LTP induction.
The lack of LTP in RIs suggests a certain degree of stability in

feedforward inhibition during synaptic plasticity. Interestingly,
however, we have found synaptic plasticity in a different class of st.
radiatum cells. At this time, the precise targets of these cells
(either pyramidal and/or interneuronal) are undetermined, mak-
ing it impossible to assign a role for these cells and how their
potentiation may impact the hippocampal network. Electron mi-
croscopy studies are required to determine the precise nature of
their synaptic contacts.
In conclusion, as investigations into LTP continue to shed light

on the molecular cascade of events responsible for its induction in
pyramidal cells, the combination of these analyses with studies on
network effects of plasticity on different cells types will allow us to
obtain a more complete picture of synaptic plasticity in the entire
hippocampus.
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