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Electrophysiological and anatomical techniques were used 
to determine the role, in the hippocampal circuitry, of local 
circuit neurons located at the orienslalveus border (O/A in- 
terneurons). Intracellular recordings from these cells showed 
that their response characteristics were clearly nonpyra- 
midal: high input resistance, short membrane time constant, 
short-duration action potential, pronounced, brief afterhy- 
perpolarizations (AHP), and nondecremental firing during in- 
trasomatic depolarizing current pulses. Intracellular Lucifer 
yellow (LY) injection and subsequent fluorescence micros- 
copy confirmed their nonpyramidal nature. O/A interneuron 
somata were bipolar or multipolar; their dendrites projected 
mostly parallel to the alveus, except for 1 or 2 processes 
that turned perpendicularly, and ascended through stratum 
oriens and pyramidale and into radiatum. Their axons were 
seen to branch profusely in stratum oriens and pyramidale. 
Simultaneous intracellular recordings from O/A interneurons 
and CA1 pyramidal cells showed that pyramidal cells directly 
excite these interneurons. Major hippocampal afferents also 
directly excited the O/A interneurons. In a small number of 
interneuron-pyramidal pairs, stimulation of the O/A inter- 
neuron directly inhibited pyramidal cells. In one case, recip- 
rocal connections were observed: The pyramidal cell excited 
the interneuron, and the interneuron inhibited the pyramidal 
cell. In 1 interneuron-to-interneuron pair, an inhibitory con- 
nection from O/A interneuron to stratum pyramidale inter- 
neuron was also observed. With intracellular HRP injections 
into O/A interneurons and subsequent electron microscopy, 
we observed that O/A interneuron axons made contacts with 
pyramidal and nonpyramidal cells. HRP-filled symmetric syn- 
aptic contacts were found on pyramidal cell dendrites and 
somata. HRP-filled axons also made contacts with pyramidal 
cell initial segments. HRP-filled O/A interneuron axon con- 
tacts were also found on nonpyramidal cell dendrites in stra- 
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turn oriens. These electrophysiological and anatomical re- 
sults suggest that O/A interneurons make synaptic contact 
with pyramidal cells and may mediate feedforward and feed- 
back inhibition onto CA1 pyramidal cells. 

The hippocampal formation is comprised of 3 main cell groups: 
the granule cells of the dentate gyms and the pyramidal cells of 
the CA3 and CA 1 regions (Ramon y Cajal, 19 11; Swanson and 
Cowan, 1977). Their lamellar trisynaptic organization has been 
described in detail (Ramon y Cajal, 19 11; Andersen and Lomo, 
1966; Andersen et al., 1966, 197 1, 1973; Blackstad et al., 1970; 
Lomo, 197 1; Hjorth-Simonsen, 1973). In addition to these prin- 
cipal cells, many types of polymorph intrinsic neurons (inter- 
neurons) are present in the hippocampal formation (Ramon y 
Cajal, 1911; Lorente de No, 1934; Amaral, 1978; Somogyi et 
al., 1983). Apart from 1 type of intemeuron, the so-called basket 
cells, combined physiological and morphological evidence of 
the way in which these local circuit neurons influence trans- 
mission through the principal trisynaptic circuit is, for the most 
part, lacking. 

The basket cells are located at the stratum pyramidale/stratum 
oriens border of CA1 (Ramon y Cajal, 1911; Lorente de No, 
1934; Schwartzkroin and Mathers, 1978; Schwartzkroin and 
Kunkel, 1985) and have axon collaterals ramifying in a dense 
basketlike plexus around pyramidal cell bodies (Ramon y Cajal, 
19 11; Lorente de No, 1934). They appear to use GABA as 
neurotransmitter (Ribak et al., 1978; Ribak and Anderson, 1980; 
Kunkel et al., 1986) and they make synaptic contacts with 
pyramidal cell somata (Schwartzkroin and Kunkel, 1985). They 
are strongly excited by pyramidal cells, and, in turn, they directly 
inhibit pyramidal cells (Knowles and Schwartzkroin, 198 1). In 
addition, they receive direct excitatory input from afferents 
coursing through strata radiatum and oriens (Frotscher et al., 
1984; Schwartzkroin and Kunkel, 1985). Thus, these basket 
interneurons have been suggested to mediate feedforward and 
feedback inhibition of pyramidal cells (Knowles and Schwartz- 
kroin, 198 1; Schwartzkroin and Kunkel, 1985). 

There is much less evidence, however, about the function of 
the other types of interneurons. In order to further determine 
the role of interneurons in the local circuitry of the hippocam- 
pus, we have focused our attention on a distinct group of in- 
temeurons that are localized at the stratum oriens/alveus (O/ 
A) border. Using Golgi stains, Ramon y Cajal (1911) and Lo- 
rente de No (1934) identified and described these neurons and 
their extensive axonal ramifications in stratum oriens, pyra- 
midale, and radiatum. Recently, neurons similarly located at 
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the O/A border have been shown to contain somatostatin (so- 
matotropin release inhibiting factor; SRIF)-like immunoreac- 
tivity (Kohler and Chan-Palay, 1982; Morrison et al., 1982; 
Roberts et al., 1984; Bakst et al., 1985) and also colocalize 
glutamic acid decarboxylase (GAD) immunoreactivity (Somo- 
gyi et al., 1984). Physiological effects of SRIF on hippocampal 
pyramidal cells, although inconsistent, have also been described 
(Dodd and Kelly, 1978; Pittman and Siggins, 198 1; Mueller et 
al., 1986). Thus, the oriens/alveus interneurons may directly 
affect pyramidal cells and may use SRIF and/or GABA as a 
neurotransmitter. 

We have used electrophysiological and morphological ap- 
proaches in hippocampal slices of guinea pigs to obtain direct 
evidence regarding the role of these interneurons in the hip- 
pocampus. We report here the intracellular response properties 
of these neurons and their interactions with pyramidal cells. We 
describe their morphology, as seen following intracellular Lu- 
cifer yellow injection. We also report that at the ultrastructural 
level, HRP-filled O/A intemeuron axons make contacts with 
pyramidal and nonpyramidal dendrites and somata. 

Materials and Methods 
Experiments were performed using hippocampal slices from Hartley 
guinea pigs (200-400 g) maintained in vitro, as previously described 
(Schwartzkroin, 1975, 1982; Mueller et al., 1984). Animals were de- 
capitated, and the hippocampus was rapidly dissected free. Transverse 
hippocampal slices (450-500 pm thick) were cut on a McIlwain-type 
tissue chopper. For some experiments, longitudinal slices (500 pm thick) 
were obtained from the middle half of the hippocampus. Slices were 
immediately transferred to an incubation chamber, where they lay on 
a Nylon mesh grid at a fluid-gas interface. The bathing medium, which 
contacted the slices at their undersurfaces, was composed of 124 mM 
NaCl, 5 mM KCl, 1.25 mM NaH,PO,, 2 mM MgSO,, 2 mM CaCl,, 26 
mM NaHCO,, and 10 mM dextrose. Slices and medium were maintained 
at 35 * 0.5”C with a feedback control system. Bathing medium was 
oxygenated with 95% 0,/5% CO,, and the atmosphere above the slices 
was kept warm, moist, and oxygenated. 

Intracellular recordings. Intracellular recordings were obtained with 
micropipettes filled with 4 M potassium acetate plus 0.01 M KCl. Elec- 
trode resistance was approximately 80-100 MB. Cell stimulation was 
carried out using both intracellular current injection (100 msec pulses 
of 0.5 nA depolarizing current through the recording electrode via a 
bridge circuit) and extracellular stimulation (bipolar tungsten electrodes) 
of orthodromic pathways in stratum radiatum or “antidromic” path- 
ways in the alveus. Cellular input resistance (R,,) was estimated by 
injecting hyperpolarizing current pulses (0.5 nA, 100 msec) into the cell 
and measuring the resulting steady-state voltage deflection from resting 
membrane potential (RMP). The membrane time constant (T,) was 
estimated from such a charging curve as the time required to reach 63% 
(1 - eel) of the maximum voltage deflection; exponential peeling to 
adjust for an initial rapid time constant was not performed. Membrane 
potential was altered by injection of either depolarizing or hyperpolar- 
izing DC current into the cell through the recording electrode; bridge 
balance was continuously monitored and adjusted as necessary during 
this procedure. Data were displayed on an oscilloscope and stored on 
magnetic tape for later analysis with a computer. 

Intracellular recordings were obtained from CA 1 pyramidal cells by 
lowering the recording electrode in stratum pyramidale. “Basket cell” 
interneurons (Schwartzkroin and Mathers, 1978; Knowles and 
Schwartzkroin, 198 1) were recorded from by positioning the electrode 
at the stratum pyramidale/oriens border. When the recording electrode 
was placed at the O/A border, intracellular recordings could be obtained 
from “oriens/alveus intemeurons.” Intrinsic and synaptic properties of 
these intemeuron types were evaluated electrophysiologically and com- 
pared with those of CA1 pyramidal neurons. 

For paired intracellular recordings, an electrode was first lowered at 
the O/A border. After successful penetration of an O/A intemeuron, a 
stabilizing hyperpolarizing current was injected into the cell while an 
attempt was made to penetrate a pyramidal or nonpyramidal cell with 

a second electrode. When a second successful penetration was obtained, 
depolarizing current pulses (100 msec, 0.5 nA, 0.5 Hz) were applied to 
1 cell, and correlated membrane voltage changes were sought in the 
other cell. The procedure was then repeated, but in reverse, to examine 
interactions in the opposite direction. 

In a number ofpairs, the unitary postsynaptic potentials (PSP) evoked 
in O/A intemeurons were measured for peak amplitude and latency to 
peak. The peak amplitude was measured as the voltage difference in 
the O/A intemeuron between baseline just prior to the CA1 pyramidal 
cell action potential and the maximum voltage shortly following the 
coupling artifact (see Fig. 3). The latency to peak was defined as the 
time difference between the peak of the CA1 pyramidal cell action 
potential and the peak amplitude of the PSP in the O/A intemeuron. 
The O/A action potential latency was defined as the time difference 
between the peak of the CA1 action potential and the peak of the O/A 
interneuron action potential. PSPs in intemeurons were considered 
spontaneous if the onset of the PSP preceded the pyramidal cell action 
potential. In our measurements of PSPs amplitude we did not use av- 
eraging techniques to reduce the noise level of the recording system. 
The PSPs were clearly of large enough amplitude for us to resolve them 
by visual inspection of the voltage trace. Failures were counted when, 
under visual inspection, the voltage trace did not differ from background 
noise level (approximately +-0.5 mV). 

Lucifer yellow intracellular injections. In many cases, a qualitative 
morphological analysis of the intracellularly recorded O/A interneuron 
was attempted. In such experiments, the recording electrode was filled 
with 4% LY (Lucifer yellow CH; Sigma Chemical Co.) in 1 M LiCl 
(Stewart, 1978, 198 1). An O/A interneuron was impaled and analyzed 
electrophysiologically; then 0.5-2.0 nA hyperpolarizing DC current was 
applied to the recording electrode via the bridge circuit in order to eject 
the LY. An ejection time of 2-3 min was usually sufficient to label the 
neuron, with 5-8 min being optimal. All electrophysiological data were 
collected prior to filling the cell with LY in order to avoid the compli- 
cations arising from intracellular chloride accumulation or from LY 
effects on cell viability. 

The slice containing an LY-filled intemeuron was allowed to lay un- 
disturbed for approximately 10 min after withdrawal of the recording 
electrode. The slice was then transferred gently to a plastic petri dish, 
sandwiched between 2 pieces of filter paper, and covered with fixative 
(either 4% formalin in PBS, pH 7.4, or 3% paraformaldehyde lysine 
periodate (PLP) (Kunkel, et al., 1986). The slice was fixed for 4-16 hr 
at 4°C and was then transferred into PBS containing 30% sucrose. After 
3-4 hr, frozen sections 40-60 pm were cut and mounted in buffer. The 
LY-filled intemeuron was examined under a Leitz Dialux 20 epifluo- 
rescence microscope. 

Intracellular HRP injections. Electrodes were filled with 4% HRP 
(Sigma Type VI), dissolved in 0.25 M KC1 and 0.05 M Tris HCl (pH 
7.6) with Kodak Photo-flow added (250 Fl/ml). HRP-filled microelec- 
trode tips were broken back to yield final electrode resistances of 50- 
150 MQ in tissue. The electrode was then lowered at the O/A border. 
After a successful impalement of an O/A intemeuron, HRP was ion- 
tophoresed into the cell with positive current pulses (3-5 nA, 20 msec, 
33 Hz) for 2-10 min. Intemeurons were iniected with HRP within 4 hr 
of slice preparation to ensure optimal tissue preservation for electron 
microscopy. Only a single O/A interneuron was injected per slice. After 
HRP injection, the slice remained undisturbed in the chamber for an 
hour to allow diffusion and active transport of the HRP molecules within 
the cell. Slices with an HRP-filled neuron were then transferred to a 
petri dish and fixed between 2 pieces of filter paper as described below. 

HRP light and electron microscopy. Slices containing HRP-filled neu- 
rons were immersion fixed in 2% paraformaldehyde and 0.5% glutar- 
aldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 16-24 hr at 
5°C. Slices were sunk in 0.1 M sodium cacodylate containing 30% sucrose 
(minimum 2 hr). Frozen sections 60-80 Frn were cut and rinsed in 0.1 
M sodium cacodylate (pH 7.6). The sections were then rinsed in 0.1 M 

Tris-HCl buffer (pH 7.6), followed by a pretreatment in a 0.05% solution 
of CoCl, in 0.1 M Tris-HCl (pH 7.6) for 20 min. After sequential buffer 
rinses in 0.1 M Tris-HCl and 0.1 M Sorenson’s phosphate (pH 7.6) the 
sections were preincubated in a freshly prepared solution of 0.05% 3’- 
diaminobenzidine tetrahydrochloride (DAB; Sigma) in 0.1 M phosphate 
buffer (pH 7.6) for 10 min at room temperature. Sections were then 
ulaced in a fresh DAB solution containing. 0.03% H,O, and incubated 
for an additional 30 min. After thorough &sing in buffer, sections were 
wet-mounted in buffer and photographed using bright-field illumination 
on a Leitz Dialux 20 photomicroscope. When HRP-filled processes were 
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Table 1. Electrophysiological properties of O/A interneurons, basket cell interneurons, and randomly 
selected CA1 pyramidal neurons 

Stratum pyramidale CA 1 pyramidal 
Characteristic O/A intemeuron interneuron neuron 

Membrane potential (mV) -51 + 3 (40) -55 t 1 (7) -58 f  2 (15) 
Input resistance (MB) 42 ? 4 (22) 40 + 9 (7) 31+2 (15) 
Time constant (msec) 5.6 k 0.4 (18) 5.8 k 0.7 (7) 10.6 f  0.8 (15) 
Spontaneous activity (Hz) 27 k 5 (27) 4 k 2 (7) 322 (15) 
Spike amplitude (mV) 43 zk 2 (41) 48 k 5 (7) 62?3 (15) 
Spike duration (msec) 1.1 + 0.1 (32) 0.78 k 0.06 (7) 1.73 * 0.12 (15) 
Spike AHP (mV) -8.1 ? 0.9 (32) -8.7 + 2.6 (7) w 
Spikes/current burst (n) 12 * 1 (26) 12 t 1 (6) 7 f  1 (15) 
Burst AHP 6/27 cells l/6 cells 9/15 cells 
Alvear stimulation 

Spike 9/20 cells 3/7 cells 13/ 15 cells 
Burst 1 l/20 cells l/7 cells O/l 5 cells 
EPSP 17/20 cells 3/4 cells O/13 cells 

LY-filled cells (n) 17/35 cells l/7 cells 4/15 cells 

These neuronal types were characterized with intracellular recordings, and the following properties were compared 
(mean k SE): resting membrane potential, input resistance, membrane time constant, spontaneous firing rate, action 
potential amplitude, action potential duration, amplitude of afterhyperpolarization (AHP) following a single action 
potential, number of action potentials evoked by a depolarizing current pulse (0.5 nA, 100 msec), presence or absence 
of an AHP following such a current-evoked train of action potentials, and response to stimulation of the alveus (single 
spike or burst, and the presence or absence of an underlying EPSP). A number of these neurons were subsequently filled 
with LY for morphological analysis. 
= Pyramidal cells show a depolarizing afterpotential (DAP) at the postspike latency of the intemeuron AHP. 

found, adjacent serial sections were also examined in attempts to follow 
processes through the tissue. 

The HRP-filled neurons were easily recognized and small blocks (ap- 
prox. 0.75 x 2 mm) containing filled neurons were cut and processed 
for electron microscopy. Blocks were osmicated, rinsed, dehydrated, 
and embedded in Medcast between Teflon-coated coverslips or plastic 
slides. Serial sections (silver to yellow interference color) were cut, stained 
with uranyl acetate and lead citrate, and examined on a Philips 410 
EM. When HRP-filled processes were found, adjacent serial sections 
were also examined in attempts to follow the contact site serially. 

Results 
Intracellular response characterization 
Successful impalements were obtained in 41 neurons (in 34 
slices from 30 guinea pigs) located at the O/A border in area 
CA 1. Recording electrodes were filled either with 4 M potassium 
acetate plus 0.01 M KC1 or 4% LY in 1 M LiCl. These neurons 
were characterized electrophysiologically as nonpyramidal (Fig. 
1; Table 1) and will henceforth be referred to as “oriens/alveus 
interneurons.” The average RMP (&SE) of these interneurons 
was relatively low (- 5 1 * 3 mV). It is difficult to say whether 
this low RMP is a true characteristic of this cell type or whether 
it is simply due to relatively poor impalements. On the one 
hand, these cells were extremely difficult to find, impale, and 
hold, primarily because of their low packing density as com- 
pared to the somata of CA1 pyramidal neurons in stratum py- 
ramidale. On the other hand, the relatively high R, values (mean, 
42 -t 4 MO) suggest that the impaled cells were healthy. In these 
alveus/oriens cell impalements, there was no correlation be- 
tween RMP and R,, values (v = 0.07). In the paired recordings 
experiments (see below) in which stable impalements were 
maintained for longer periods, the O/A interneurons had an 
average RMP of -57 mV, and an average spike amplitude of 
58 mV, probably reflecting “healthier” impalements. 

The A/O cells had short time constants (5.6 & 0.4 msec), a 

high rate of spontaneous activity (27 + 5 Hz), a relatively low 
spike amplitude (43 f 2 mV), and a short spike duration (1.1 f 
0.1 msec). Perhaps the most conspicuous feature of these in- 
terneurons was the presence of a very pronounced brief after- 
hyperpolarization (AHP; mean amplitude, -8.1 ? 0.9 mV) 
following a single spike. These neurons responded to a depo- 
larizing current pulse (0.5 nA, 100 msec) with a nondecre- 
menting train of 12 + 1 action potentials. An AHP followed 
this current-evoked firing in only 6/27 cells (see Fig. 9, for ex- 
ample). Stimulation of the alveus (antidromic for CA 1 pyrami- 
dal neurons) evoked a single spike in 9/20 interneurons and a 
burst in 11/20 interneurons; an underlying EPSP could be seen 
in 17 of these 20 interneurons (Fig. 1). 

Occasionally, a pyramidal cell dendrite was impaled in the 
O/A border. Dendritic recordings could be distinguished easily 
from interneuron recordings. Pyramidal dendritic recordings 
showed typical fractionated burst response to depolarizing cur- 
rent pulses (Wong et al., 1979), whereas interneuron recordings 
displayed sustained action potential firing with such depolar- 
izing pulses. Also, pyramidal cells responded to alvear stimu- 
lation with a large IPSP and at higher stimulation intensity with 
an antidromic spike. In contrast, O/A interneurons responded 
with a large EPSP and a burst of spikes. This ability to differ- 
entiate between neuronal types was also verified by LY injection. 

Intracellular recordings were also obtained from “basket cell” 
interneurons located at the stratum pyramidale/oriens border 
(n = 7). These neurons were characterized as nonpyramidal on 
the basis of electrophysiological data (Table 1). Basket cell in- 
terneurons differed only slightly from O/A interneurons. First, 
basket cells fired relatively slowly at rest (4 f 2 Hz) compared 
to alveus/oriens neurons. Second, basket cells rarely responded 
to stimulation of the alveus with a burst of action potentials. 
When a burst response was noted in basket cells, it was unlike 
that seen in an O/A interneuron; a burst in the basket cell did 
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Figure 1. Electrophysiological char- 
acterization of O/A interneurons. This 
O/A interneuron fired spontaneously at 
a rate of approximately 20 Hz. Note the 
pronounced AHP following a single 
spike. A depolarizing current pulse (0.5 
nA, 100 msec duration, onset and offset 
marked by dots) evoked a train of ac- 
tion potentials. This current-evoked 
train was not followed by an AHP. 
Stimulation of the alveus (arrow) elic- 
ited a pronounced burst of action po- 
tentials riding on a depolarizing enve- 
lope. Note that the cell fired an initial 
full action potential, followed by a pe- 
riod of inactivation, and then resumed 
firing; this pattern of stimulus-evoked 
burst was characteristic of this inter- 
neuron type. An underlying EPSP could 
be seen when the cell was hyperpolar- 
ized to block spike discharge. RMP = 
-62 mV. This cell was filled subse- 
quently with LY for morphological 
characterization (Fig. 2). 

spontaneous 
activity 

60 msec 

current-evoked 
train 

20 mV 
0 

40 msec 

alvear stim. 

alvear stim. 

(hyperpolarized) 

not show the marked spike inactivation (spike amplitude dec- 
rement) at the peak of a depolarization typical of the O/A cell 
burst (Fig. 1). 

A number of O/A interneurons were characterized morpho- 
logically with LY injection following the collection of electro- 
physiological data (17135 cells). These morphological studies 
confirmed the nonpyramidal nature of O/A interneurons (Fig. 
2). The majority of LY-filled interneurons were bi- or multipolar 
cells, 20-30 ym in diameter, with their soma located at the O/A 
border. Most cellular processes appeared to course parallel to 
the alveus. In many cells, 1 or 2 large processes, probably den- 
drites, followed along the alveus for a short distance, then turned 
perpendicularly and ascended through stratum pyramidale and 
stratum radiatum. An axon could occasionally be followed from 
the O/A border into stratum pyramidale, where it branched 
profusely (arrow, Fig. 2). 

Synaptic interactions 
Tests for synaptic interactions were performed in 53 pairs of 
cells. 

40 msec 

10 mV 

O/A interneuron-CA1 pyramidal cell pairs 
Forty-five O/A intemeuron-CA 1 pyramidal cell pairs were tested 
with depolarizing current pulses in pyramidal cells. In 29 of the 
45 pairs (64%), excitatory interactions from pyramidal cells to 
O/A interneurons were found. Excitatory postsynaptic poten- 
tials (EPSPs) in the O/A interneurons closely followed the firing 
of action potentials in the CA: pyramidal cell (Fig. 3). In 10 of 
the 29 pairs, the EPSPs were large enough to reach threshold 
and fire action potentials in O/A interneurons (Fig. 3). These 
pyramidal cell-evoked EPSPs in O/A interneurons were char- 
acterized in greater detail in 27 pairs (Table 2). In 22 of the 
pairs, EPSPs were not always detected after a CA1 pyramidal 
spike. Overall, the probability of an EPSP failure was 0.34 (292/ 
855). Thus, the probability of eliciting an EPSP (or an EPSP- 
spike sequence) was 0.66. Overall, the mean peak amplitude 
(*SD) ofthese EPSPs was 2.16 * 0.95 mV, and the mean latency 
to the EPSP peak was 3.83 +- 0.92 msec. The mean latency to 
the peak of elicited action potentials was 3.79 + 1.24 msec. 
That the O/A interneuron received strong excitatory input from 
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Figure 2. LY-filled O/A interneuron. 
A, Interneuron located at the stratum 
oriens/alveus border in area CA1 was 
filled with the fluorescent dve. Most cel- 
lular processes are 0riente;l parallel to 
the alveus. A few large, prominent pro- 
cesses (dendrites) ascend through stra- 
tum pyramidale (SP) towards stratum 
lacunosum-moleculare. One can see the 
beginnings of 3 such pn scesses, which 
were cut by the plane of ’ sectioning, in 
this photograph. B, Thl in axon arises 
from the cell bodv. tram rels uarallel to 
the alveus for a short distance, turns 
toward pyramidale, and then branches 
(arrow) and ramifies ; extensivelv 
throughout stratum pyramidale. This 
interneuron was characterized electro- 
physiologically (Fig. 1). C; 
50 urn. 

alibration bars, 

pyramidal cells was also evident from activity evoked in O/A were seen in O/A interneurons. However, when the pyramidale 
cells by moving a recording micropipette through the stratum electrode was moved, and dendrites and somas were impaled 
pyramidale and trying to impale CA1 pyramidal cells. When and injured (i.e., depolarized), spontaneous EPSPs in the O/A 
the electrode was stationary, only occasional spontaneous EPSPs cell occurred at an enhanced rate (for about a second). 
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A 

CA 1 pyramidal 
-----+r 

cell J 10 mV 
0.4 nA 

o/a interneuron V- 

B 

pyramidal cell 

interneuron 

5 msec 
Figure 3. Excitatory synaptic interactions from a CA1 pyramidal cell to an O/A interneuron. A, Depolarizing current pulse (middle truce) in the 
CA1 pyramidal cell evoked 5 action potentials in the CA1 cell (top truce). In the O/A interneuron (bottom truce), EPSPs (thin arrowheads) were 
produced following the first 4 action potentials. In the case of the fourth EPSP, it reached threshold and triggered action potential. The fifth CA1 
action potential failed to evoke a response in the interneuron (thick arrowhead). A spontaneous EPSP (open arrowhead) preceded this evoked 
activity. These spontaneous events seemed to occur randomly and were not stimulus dependent. Small dots indicate capacitative coupling artifacts. 
Arrow points to 5 msec, 10 mV calibration mark. O/A interneuron RMP, -6C mV; CA1 pyramidal cell RMP, -58 mV. B, In a different pair of 
O/A interneuron and CA1 pyramidal cell, a single spontaneous action potential in the pyramidal cell evoked an EPSP-like event in the interneuron. 
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Figure 4. Inhibitory synaptic interactions from an O/A interneuron to a CA1 pyramidal cell. A, Depolarizing current pulse in the O/A interneuron 
evokes a burst of action potentials in the interneuron (42). During the O/A burst, a hyperpolarization is produced in the CA1 pyramidal cell (AI). 
Following the burst, the membrane returns to preburst level (dotted line in AI). B, Intracellular injection of a low-amplitude current pulse (BI, 
bottom truce) consistently triggered an action potential in the CA1 pyramidal cell (BI, top truce; same cell as in AI). When that same depolarizing 
current pulse (B2, bottom trace) was paired with activation of the O/A interneuron (as in A2), the pyramidal cell discharge was either blocked or 
delayed (B2, top truce). The small spikelike events in AI and B2 are capacitative coupling artifacts arising from action potentials in the interneuron. 
O/A interneuron RMP, -75 mV. 

In 42 O/A intemeuron-CA1 pyramidal cell pairs, depolar- 
izing pulses were injected into O/A interneurons. These depo- 
larizations produced nonaccommodating bursts of action po- 
tentials in the intemeurons (Figs. 4A, 5A). In 3 CA1 pyramidal 
cells (7%), small IPSPs were observed during burst firing in O/A 
interneurons (Fig. 4). These IPSPs were of low amplitude and 
lasted the duration of the burst. They were sufficient, however, 
to inhibit or delay CA1 action potentials normally evoked by 
rheobasic current injection into the pyramidal cell (cf. Fig. 4, 
Bl and B2). 

In 1 O/A intemeuron-CA1 pyramidal pair, reciprocal inter- 
actions were found. Depolarization-induced firing of the pyra- 
midal cell resulted in EPSPs in the O/A intemeuron (Fig. 5B). 
Depolarization-induced firing of the O/A intemeuron produced 
a low-amplitude, slow IPSP in the pyramidal cell (Fig. 54) and 
inhibited its discharge in response to rheobasic current injection 
(not shown). 

Feedforward activation of the O/A intemeuron-that is, di- 
rect afferent drive, without prior pyramidal cell excitation-was 
also observed. The response of an O/A intemeuron-pyramidal 
cell pair to stimulation of stratum radiatum is illustrated in 
Figure 6. Stimulation produced an EPSP-action potential-IPSP 
sequence in the CA1 pyramidal cell (Fig. 6B). In the O/A in- 
temeuron, a much larger EPSP was produced, and 7 action 
potentials were evoked with 1 nearly completely inactivated. 
The first 2 action potentials in the O/A intemeuron preceded 
the action potential in the pyramidal cell; in this pair, the first 
O/A interneuron spike preceded the CA1 action potential by 

2.0 msec. Further, stimulus intensities consistently below those 
required to activate pyramidal cells were sufficient to trigger 
action potentials in the O/A intemeurons (Fig. 6A). 

O/A interneuron-nonpyramidal cell pairs 

Synaptic interactions between O/A intemeurons and nonpy- 
ramidal cells (Schwartzkroin and Mathers, 1978; Knowles and 
Schwartzkroin, 198 1) in stratum pyramidale were examined in 
7 pairs of cells. When depolarizing current pulses were applied 
to pyramidale interneurons to trigger action potential trains, 
EPSPs were observed in 2 O/A intemeurons (29%) (Fig. 7)- 
however, see Discussion. No effects were found in the other 
pairs. Even in the “positive” pairs, EPSPs were not always pres- 
ent in the O/A interneuron following a spike in the pyramidal 
interneuron (Table 2). The probability of failure to detect an 
EPSP was 0.65 (141/217). The EPSPs that were triggered were 
rarely large enough to trigger action potentials in O/A inter- 
neurons. Their mean peak amplitude was 1.70 & 0.28 mV, with 
a mean latency of 3.48 f 0.05 msec. 

In 1 of the 6 O/A intemeuron-pyramidal intemeuron pairs 
tested, an inhibitory connection was found. Stimulation of the 
O/A interneuron produced a large IPSP in the pyramidal in- 
temeuron (Fig. 8). The duration of the IPSP was variable, often 
lasting much longer than the duration of the O/A burst. 

Ultrastructure of HRP-filled O/A interneurons 
Four HRP-filled O/A intemeurons were successfully recovered 
and examined ultrastructurally. These intemeurons were mor- 

Each trace here is the average of 50 consecutive sweeps; the spike was the trigger for the signal averages. The small spikelike event in the interneuron 
trace (bottom) is an artifact due to capacity coupling between electrodes. Pyramidal cell RMP, -62 mV; Interneuron RMP, -65 mV. 
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Figure 5. Reciprocal interactions between an O/A intemeuron and a CA1 pyramidal cell. A, Depolarizing current (A2, bottom truce) injected into 
the intemeuron evoked a train of action potentials in it (AZ, top truce) and a small hyperpolarization in the pyramidal cell (AI, top truce). The 
membrane returned to prestimulation level (dotted he) after the burst. B, Depolarizing current (BI, bottom truce) evoked 4 action potentials in 
the pyramidal cell (BI, top truce). The first 3 action potentials elicit EPSPs in the intemeuron (thin arrowhead in B2, top trace). The third EPSP is 
large enough to trigger an action potential. The fourth CA1 action potential fails to evoke an EPSP in the intemeuron (thick arrowhead, B2, top 
truce). Pyramidal cell RMP, -57 mV, O/A intemeuron RMP, -48 mV. 

phologically similar to those identified by LY injection (Fig. 2). minaux, were observed on pyramidal cell somata and dendrites. 
HRP-filled dendritic processes were oriented parallel to the al- The synaptic contacts appeared as Type II symmetric synaptic 
veus at the O/A border. The axon was observed to leave the contacts (Whittaker and Gray, 1962; Schwartzkroin and Kun- 
soma, travel parallel to the alveus, and then turn perpendicularly kel, 1985) with (1) an accumulation of presynaptic vesicles near 
and ascend towards the stratum pyramidale. Axonal processes the contact site, (2) close apposition of the pre- and postsynaptic 
were varicose in appearance and were found primarily in strata membranes with the presence of cleft material, and (3) a thin, 
oriens and pyramidale. The intracellular response of an O/A even postsynaptic membrane specialization (in contrast to the 
interneuron to a depolarizing current pulse, prior to HRP in- thick postsynaptic specialization of type I contacts) (Fig. 9, B, 
jection, is illustrated in Figure 9A, along with its HRP-filled D, and F). Apparent symmetric synaptic contacts could be seen 
synaptic contacts. Synaptic contacts, both en passant and ter- on individual pyramidal cell somata (Fig. 9B) and dendrites 

Table 2. Summary table of characteristics of depolarizing postsynaptic responses in O/A interneurons following presynaptic stimulation of CA1 
pyramidal cells or CA1 interneurons in stratum pyramidale 

CA 1 pyramidal cells-O/A 
intemeuron (27 pairs) 

Stratum pyramidale intemeurons- 
O/A intemeurons (2 pairs) 

Pyramidal O/A intemeuron 
neuron: 
~ Action potentials spikes 
evoked Mean (+SD) 
(4 n latency (msec) 

855 65 3.79 + 1.24 

217 0 - 

EPSP 
EPSP Mean (&SD) 
failures Mean (? SD) peak peak latency 

n (n) amplitude (mV) (msec) 

498 292 2.16 + 0.95 3.83 k 0.92 

76 141 1.70 + 0.28 3.48 + 0.05 
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Figure 6. Feed forward excitation of an O/A interneuron. Paired recordings from a CA1 pyramidal cell (top truce) and an O/A interneuron (bottom 
truce). A, Stimulation of stratum radiatum (50 psec, 100 FA, artifact in both traces indicated by arrowhead) evokes a small-amplitude EPSP in the 
pyramidal cell, followed by an IPSP (AI). No action potentials are evoked at this stimulation intensity. In the O/A interneuron (A2), the same 
stimulus evokes a large-amplitude, long-lasting EPSP that triggers 4 action potentials and is not followed by an IPSP. B, Stronger radiatum 
stimulation (50 psec, 150 FA) evokes an EPSP and an action potential in the pyramidal cell (BI). The same stimulus evokes a large EPSP and 7 
action potentials in the interneuron (B2). The first spike in the O/A interneuron (arrow pointing to coupling artifact in the other cell) precedes the 
pyramidal cell spike (dotted line) by 2.0 msec. The second spike in the interneuron also precedes the pyramidal cell spike. CA1 pyramidal cell 
RMP, -62 mV; O/A interneuron RMP, -80 mV. 

(Fig. 9, D, 0. Each of these contacts displayed presynaptic ves- 
icles (although partially obscured by the HRP dense reaction 
product), closely apposed pre- and postsynaptic membranes with 
cleft material, and a thin postsynaptic specialization (in contrast, 
see Fig. 9D, open arrow, for an example of a thick specializa- 
tion). Other HRP-filled axons were nearly suggestive of synaptic 
contacts; for example, Figure 9C shows a terminal in which the 
synaptic vesicles are more obscured and the postsynaptic spe- 
cialization is not as prominent. HRP-filled interneuron terminal 
contacts onto dendrites were primarily on shafts of basal den- 
drites (Fig. 9F) but were occasionally seen on proximal apical 
dendrites in the stratum radiatum. HRP-filled axons also ap- 
posed pyramidal cell axon initial segments (Fig. 9E), possibly 
making synaptic contacts (presynaptic vesicles partly obscured). 
O/A interneuron axons were seen apposed to other interneuron 
dendrites in the stratum oriens (Fig. 10, A and B), suggesting 
synaptic contacts between interneurons. 

Discussion 
Characterization of O/A interneurons 
We were able to characterize, electrophysiologically and mor- 
phologically, a population of neurons located at the border be- 
tween the stratum oriens and the alveus in the CA1 region of 
guinea pig hippocampus. These neurons were clearly nonpy- 
ramidal, and appeared to be a subpopulation of interneurons. 
The O/A interneurons were electrophysiologically and mor- 
phologically different from pyramidal cells (Table 1) and showed 
no antidromic activation from alveus stimulation. They also 
differed from basket cells in terms of spontaneous firing rate 

and response to alvear stimulation (Table 1). Our electrophys- 
iological data indicate that these O/A interneurons are part of 
a discrete interneuronal pool that is different from the pyramidal 
basket cell interneurons. 

It is more difficult, however, to classify O/A interneurons as 
a distinct intemeuronal type on the basis of our morphological 
data. While LY injection clearly showed these cells to be non- 
pyramidal, it was not always possible to predict cellular mor- 
phology from the electrophysiology. Most O/A interneurons had 
the following morphological characteristics: They were bipolar 
or multipolar cells; most cellular processes ran parallel to the 
alveus; and, most conspicuously, 1 or more very large processes 
ascended through the stratum pyramidale towards the stratum 
lacunosum-moleculare. However, not all O/A interneurons dis- 
played each of these characteristics. In addition, 1 neuron that 
was recorded from in the O/A region, and which displayed 
typical interneuron-like physiology, was subsequently shown 
with LY injection to have a very nearly “pyramidal” shape. 

Local circuit interactions 

Using paired intracellular recordings, we observed excitatory 
synaptic interactions from CA 1 pyramidal (and nonpyramidal 
cells?) onto O/A interneurons. We also found inhibitory synaptic 
interactions from O/A interneuron to CA 1 pyramidal and non- 
pyramidal cells in a limited number of cases. These interactions 
are likely to be chemically mediated postsynaptic events and 
are similar to the interactions between pyramidal cells and bas- 
ket cell interneurons (Knowles and Schwartzkroin, 198 1). In 
response to intracellular stimulation of pyramidal cells, short- 
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Figure 7. Excitatory interactions from a stratum pyramidale “interneuron” to an O/A interneuron. Depolarizing current pulse (middle truce) to 
the pyramidale cell evoked a burst of spikes (top truce). The second, fifth, and sixth spikes are followed in the O/A interneuron by small EPSP- 
like events (thin arrowheads). “Failures” (thick arrowhead) or spontaneous EPSPs (open arrowhead) are also visible in the O/A interneuron baseline. 
Stratum pyramidale interneuron RMP, -65 mV, O/A interneuron RMP, -48 mV. 

latency unitary EPSPs were produced in O/A interneurons. In 
some cells, these EPSPs were of sufficient magnitude to trigger 
an action potential. The latency of these postsynaptic responses 
was typically monosynaptic, which can be accounted for by 
impulse conduction along the pyramidal cell axon, transmitter 
release and diffusion, and electrotonic spread of postsynaptic 
response. Our results indicate that the O/A interneurons are 
strongly excited by CA1 pyramidal cells. 

Our measurements indicate that the mean unitary EPSP from 
a pyramidal cell to an O/A interneuron is 2.16 mV. It should 
be pointed out that this measure is an approximation since the 
amplitude measurements were contaminated to some extent by 
the frequency facilitation that these EPSPs appear to display 
(see Fig. 3A, for example). However, as indicated in Figure 3B, 
in which the EPSPs shown were evoked at low frequency and 
therefore were not contaminated by frequency facilitation, these 
O/A interneuron unitary EPSPs are much larger than unitary 
EPSPs reported for other central synapses-approximately 200- 
400 WV (Redman and Wamsley, 1983). More detailed compar- 
isons with other systems must await further studies of these 
interneuron EPSPs with averaging techniques and amplitude 
fluctuation analysis at frequencies producing no facilitation. 

The EPSP responses in O/A interneurons to stimulation of 

stratum pyramidale interneurons, seen in 2 pairs, were surpris- 
ing. It is generally thought that the majority of stratum pyra- 
midale interneurons are basket cells (Schwartzkroin and Math- 
ers, 1978; Knowles and Schwartzkroin, 1981) and have an 
inhibitory function (using GABA as neurotransmitter). It is pos- 
sible that the postsynaptic depolarizations we saw in the O/A 
interneurons were responses produced by GABA (Alger and 
Nicoll, 1979). However, it is more likely that the pyramidale 
interneurons stimulated in these 2 cases represent a different 
cell population. The stratum pyramidale “interneuron” of Fig- 
ure 7 illustrates such a cell. Its spike width, firing rate, and AHP 
are characteristic of nonpyramidal neurons (Schwartzkroin and 
Mathers, 1978; Knowles and Schwartzkroin, 1981); however, 
the accommodation and spike inactivation during burst firing 
are typical of pyramidal cells. It is this “hybrid” type of cell (an 
interneuron?) that produced depolarizing responses in the O/A 
interneuron. 

Another striking feature of the O/A interneurons is their pow- 
ewrful excitatory response to stimulation of hippocampal CA 1 
afferents. Stimulation of the alveus or of stratum radiatum pro- 
duced a large, slow EPSP that triggered many action potentials 
(see Figs. 1 and 6). Similar stimulation usually evokes an IPSP 
(alveus stimulation) or an EPSP-spike-IPSP sequence (radia- 
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Figure 8. Inhibitory connection from an O/A intemeuron to a stratum pyramidale intemeuron. Depolarization-induced firing in the O/A inter- 
neuron (middle truce) produced a 10 mV hyperpolarization in the stratum pyramidale intemeuron (upper truce). The membrane recovered to 
prestimulation level (dotted line, upper truce) 125 msec after the end of the burst in the O/A intemeuron. Stratum pyramidale intemeuron RMP, 
-40 mV; O/A interneuron RMP, -80 mV. 

turn stimulation) in pyramidal cells. The afferent excitation of 
O/A interneurons is mediated by feedforward circuitry, as shown 
in paired recordings; initial action potentials evoked synapti- 
cally in the O/A interneuron consistently precede CA1 pyra- 
midal cell action potentials (see Fig. 6). The mechanism resulting 
in a stronger and more rapid response in interneuron versus 
pyramidal cell is not clear. However, since the interneuron den- 
drites lack spines, there is no attenuation of synaptic current 
across the spine neck. Additionally, the interneuron input re- 
sistance is higher than that of the pyramidal cell; thus, there 
ought to be less shunting of synaptic current. These differences 
may result in a larger and more rapid synaptic response in the 
interneurons and may also account for the rather large unitary 
EPSPs seen in them. 

We have not observed any synaptically mediated inhibitory 
responses onto the O/A interneurons. The major source of in- 
hibition appears to be the AHP observed following burst firing. 
Thus, the major determinant in terminating an evoked response 
in an O/A interneuron appears to be the offset of the excitatory 
input in combination with the late AHP. 

The only output connections from the O/A interneuron we 
have observed were inhibitory in nature. Thus far, we have 
found no direct evidence for excitatory connections from in- 
terneurons to pyramidal cells (see also Knowles and Schwartz- 
kroin, 198 1). Our paired recordings indicate that stimulation of 
O/A interneurons produced hyperpolarizing responses in a small 
number of pyramidal and nonpyramidal cells. The reasons for 

the small percentage of observed interactions is not clear. Cer- 
tainly, there is a sampling problem, which is compounded by 
the relatively large distance between O/A cells and pyramidal 
cell layer (300 Km). There may also be a significant degree of 
“disconnection” between O/A interneurons and pyramidal cells, 
perhaps because of slice-induced damage (i.e., tissue slicing sev- 
ers critical connections). 

Given that interneurons at the O/A border contain SRIF, and 
may therefore use it as a neurotransmitter, it is possible that 
the O/A interneuron-to-pyramidal cell interactions we observed 
were mediated by SRIF. Yet, it is not clear what the action of 
SRIF is on pyramidal cells. Both direct excitatory (Dodd and 
Kelly, 1978; Mueller et al., 1986) and inhibitory (Pittman and 
Siggins, 198 1) actions have been reported. Our failure to observe 
intrinsic excitatory interactions and our occasional observation 
of postsynaptic inhibitory responses suggest an endogenous in- 
hibitory action of SRIF. However, since many of the SRIF- 
positive cells also contain GABA (Somogyi et al., 1984) it is 
also possible that the small number of inhibitory interactions 
were mediated by GABA release. The inhibitory interactions 
we observed were similar to those observed between basket cells 
and pyramidal cells, interactions thought to be produced by 
GABAergic mechanisms (Knowles and Schwartzkroin, 198 1). 

In one recorded pair of cells, the local synaptic interaction 
between an O/A interneuron and CA1 pyramidal cell was re- 
ciprocal. Stimulation of the pyramidal cell strongly excited the 
O/A interneuron directly; stimulation of the O/A interneuron 
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Figure 9. HRP-filled O/A intemeuron. A, O/A interneuron response to depolarizing current prior to HRP injection. An intrasomatic depolarizing 
current pulse (0.5 nA, 100 msec; lower truce) produces a train of action potentials (upper truce) typical of the O/A interneurons. Note the AHP 
following the end of the burst. Dotted line is resting membrane potential. O/A intemeuron RMP, - 55 mV. B, HRP-filled axonal process (arrow) 
contacting a pyramidal cell soma (PYR SOMA). Note the symmetric nature ofthe synaptic contact, especially the cleft and the thin, even postsynaptic 
membrane specialization. C, HRP-filled axonal process (arrow) contacting an individual pyramidal cell soma. A symmetric synaptic contact from 
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Figure 10. O/A intemeuron contacts onto other interneurons. A and B, HRP-filled axonal processes (arrows) contacting other interneuron dendrites 
(ID) in stratum oriens. Note numerous other, non-HRP-filled synaptic contacts (open arrows) onto the aspinous interneuron dendrites. Scale bar, 
0.5 pm. 

produced a small hyperpolarization of the pyramidal cell. This 
hyperpolarization was sufficient to inhibit the firing of the py- 
ramidal cell, suggesting that some O/A interneurons may me- 
diate weak feedback inhibition of CA 1 pyramidal cells. 

Our electron microscopic observations further substantiate 
the direct connections between O/A interneurons and CA 1 py- 
ramidal and nonpyramidal cells. In HRP-filled O/A intemeu- 
rons, an axon emerged from the soma and coursed for a short 
distance along the alveus; it then turned perpendicularly and 
ascended toward stratum pyramidale. En passant and termi- 
naux synaptic contacts, typical of type II symmetric synapses, 
could be identified on pyramidal cells and dendrites. Although 
partially obscured by the HRP dense reaction product, many 
synapses meet the 3 criteria for type II contacts. HRP-filled 
axonal processes were found throughout stratum pyramidale, 
where many contacts were made onto pyramidal cell somata 

and occasionally on their initial segments. In stratum oriens, 
symmetric synaptic contacts were made with basal dendrites of 
the pyramidal cells. HRP-filled axons of O/A interneurons also 
made contacts with nonpyramidal cell dendrites in stratum or- 
iens. 

The formation by O/A terminals of exclusively symmetric 
synaptic contacts (which are characteristic of inhibitory syn- 
apses) on pyramidal cells and pyramidale interneurons supports 
our electrophysiological observations of inhibitory connections 
from O/A interneurons to CA1 pyramidal and nonpyramidal 
cell types. 

Circuitry of CA1 region 
We have summarized in Figure 11 our current view of the local 
circuitry of the CA 1 region based on our intracellular recordings 
from these neurons (Schwartzkroin and Mathers, 1978; Knowles 

another cell (not filled with HRP) is also present on an adjacent pyramidal cell (open arrow). D, Another HRP-filled interneuron axonal process 
making an apparent symmetric synaptic contact (arrow) with a pyramidal cell basal dendrite (*-DEND). In contrast, note the asymmetric synaptic 
contact on the same dendrite (open arrow). E, Pyramidal cell initial segment (Is) with 2 HRP-filled axonal contacts (arrows). Other symmetric 
synaptic contacts (from non-HRP terminals) appear in the same vicinity (open arrows). F, HRP-filled interneuron axonal process forming another 
apparently symmetric synaptic contact (arrow) with a pyramidal cell basal dendrite (DEND) in stratum oriens. Scale bars, 0.5 pm (B-F). 
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Figure Il. Diagram representing the intrinsic circuitry of the CA1 region as deduced from our intracellular studies from pyramidal cells (P ), 
basket cells (B), and oriens/alveus interneurons (O/A). See text for details. 

and Schwartzkroin, 198 1; present data). For simplicity, only 2 
pyramidal cells, a basket cell, and an O/A interneuron are rep- 
resented, and afferent connections onto pyramidal basal den- 
drites are omitted. Afferents in stratum radiatum make excit- 
atory synapses (synapse a) on apical dendrites of pyramidal cells. 
Collaterals of pyramidal cell axon, in turn, make excitatory 
synapses on basket cells (synapse b) and on O/A intemeurons 
(synapse c). Basket cells also receive excitatory synapses from 
afferent fibers in stratum radiatum (synapse f) and from other 
afferents in the alveus (synapse g). Collaterals of the basket cell 
axon make inhibitory connections with pyramidal cells (synapse 
d) and produce a still undefined effect on O/A intemeurons 
(synapse e). The O/A interneuron receives excitatory synapses 
from pyramidal cell collaterals (synapse c), from afferent fibers 
in stratum radiatum (synapse h), and from afferent fibers in the 
alveus (synapse i). In turn, the axon of the O/A interneuron 
makes inhibitory synapses with pyramidal cells (synapse j) and 
(perhaps) with basket cells (synapse k). The rapid and powerful 
excitatory synapses on O/A intemeurons and basket cells in 
stratum radiatum result in these intemeurons being excited be- 
fore the pyramidal cells (i.e., feedforward excitation). Thus, the 
evidence so far available suggests that both types of intemeu- 
rons, basket cells and O/A interneurons, mediatL* feedforward 
as well as feedback inhibition of CA1 pyramidal cells. Since the 
dendritic processes of the O/A intemeurons arborize in the al- 
veus, but the basket cell processes do not, these 2 feedforward 
inhibitory systems may be under the control of different afferent 
projections. 
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