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Interneurons and Inhibition in the Dentate Gyrus of the Rat in viva 
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Inhibitory cells are critically involved in shaping normal hip- 
pocampal function and are thought to be important elements 
in the development of hippocampal pathologies. However, 
there is relatively little information about the extent and pat- 
tern of axonal arborization of hippocampal interneurons and, 
therefore, about the sphere of influence of these cells. What 
we do, know about these cells is based largely on in vitro 
slice studies, in which interneuronal interactions may be se- 
verely attenuated. The present study was carried out to pro- 
vide a more realistic picture of interneuron influence. Intra- 
cellular recordings were obtained from dentate interneurons 
in the intact brain of anesthetized rats, and cells were intra- 
cellularly labeled with biocytin. The axonal arbors of two 
classes of dentate interneurons were traced through the 
hippocampus; each was found to extend long distances (up 
to half of the total septotemporal length of the hippocampus) 
perpendicular to the hippocampal lamellae and to target 
preferential strata. These results suggest that dentate in- 
terneurons have far-reaching effects on target cells in dis- 
tant hippocampal lamellae. One implication of this finding is 
that dentate neurons should receive more inhibitory synaptic 
drive in viva than in slice preparations, in which many inhib- 
itory axon collaterals are amputated. Synaptic responses to 
perforant path stimulation were examined in granule cells, 
mossy cells, and CA3 pyramidal cells in viva, for comparison 
with previously published results from hippocampal slice 
studies. In viwo, all cell types showed excitatory synaptic 
responses that were brief and limited by robust IPSPs that 
were larger in amplitude and conductance than responses 
to comparable stimuli recorded in vitro. This difference could 
not be explained by a change in the intrinsic physiological 
properties of the cells in the slice preparation, because those 
parameters were similar in vivo and in vitro. We conclude 
that dentate gyrus inhibitory interneurons can affect the ex- 
citability of neurons in distant areas of the hippocampus, 
and that these distant influences cannot be appreciated in 
conventional in vitro preparations. 
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Dentate interneurons play an important role in normal hippo- 
campal function by inhibiting the activity of granule cells and 
other dentate neurons. Dentate intemeurons also are involved 
in hippocampal pathology. For example, abnormalities in the 
GABAergic circuitry of the dentate gyrus has been proposed to 
underlie hyperexcitability in epileptic Mongolian gerbils (Pe- 
terson and Ribak, 1989). A subpopulation of dentate intemeu- 
rons that colocalized the neuropeptide somatostatin is lost from 
the hilus in human patients with temporal lobe epilepsy (de 
Lanerolle et al., 1989). Given the potentially key role of dentate 
interneurons in normal hippocampal function and in hippocam- 
pal pathology, it is important to understand their circuit prop- 
erties. In particular, we would like to identify the target regions 
of these axonal projections and the extent of these axonal arbors 
(i.e., the region within which they can influence neural excit- 
ability). Currently, there is little information about the extent 
of the axonal arbors of dentate interneurons. Golgi techniques 
that have provided detailed descriptions of dentate intemeuron 
somatic and dendritic morphology (Ramon y Cajal, 1893; Lor- 
ente de No, 1934; Amaral, 1978; Ribak and Seress, 1983) do 
not reliably impregnate axons. Despite this limitation, Struble 
et al. (1978) used Golgi impregnation to describe the axonal 
arbors of dentate basket cells; they reported that the axon cov- 
ered a region 450 pm wide (i.e., in the “transverse” dimension) 
and 1100 pm along the septotemporal axis. In addition, a recent 
intracellular labeling study of dentate intemeurons in hippo- 
campal slices has revealed that different interneuron subpopu- 
lations preferentially target specific strata (Han et al., 1993); 
however, in that experiment, the total extent ofthe axonal arbors 
could not be determined because axon collaterals were ampu- 
tated by slicing the hippocampus. 

To avoid the limitations of the Golgi technique and the hip- 
pocampal slice preparation, we intracellularly labeled dentate 
intemeurons in the intact rat brain and examined their axonal 
collaterals throughout the extent of the hippocampus. For the 
two classes of intemeurons we examined, the axonal arbor was 
much more extensive than appreciated in slice studies (es- 
pecially in the septotemporal axis), suggesting that dentate in- 
temeurons influence cells in distant hippocampal lamellae. To 
test this hypothesis, we examined the synaptic responses to per- 
forant path stimulation of dentate neurons and CA3 pyramidal 
cells in the intact brain, and compared these responses to those 
reported from hippocampal slice experiments. If in the intact 
brain dentate intemeurons inhibit distant cells, then their targets 
in slice preparations should receive less inhibitory synaptic drive 
because many of their inhibitory synaptic inputs would be am- 
putated. We found that dentate neurons and CA3 pyramidal 
cells in the intact brain are more inhibited than in vitro, and 
that the differences in synaptic responses cannot be explained 
by alterations in intrinsic cell properties. 
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Materials and Methods 
Adult female Sprague-Dawley rats (n = 39) were anesthetized (1.3 g/kg 
urethane, i.p.) and placed in a stereotaxic frame (nose bar = -3.0 mm) 
on an air table. Cerebrospinal fluid was drained from the cisterna magna 
to improve stability. A concentric bipolar 250 pm diameter stimulating 
electrode (Rhodes Medical Instruments) was directed toward the angular 
bundle (4.6 mm lateral and 7.6 mm posterior to bregma) to activate 
perforant path fibers, and a recording electrode was directed toward the 
dentate gyrus (2.9 mm lateral and 4.6 mm posterior to bregma). Re- 
cording electrodes were pulled by a horizontal puller (Sutter Instrument) 

.from borosihcate glass. A field recording electrode (5-15 MB, 0.9% 
NaCI) was used first to localize the granule cell layer and to determine 
the granule cell population spike threshold. Then a sharp intracellular 
recording electrode (1 M notassium acetate with 2% biocytin, 80-250 
MB mea&red in vi&) was*lowered toward the dentate gyrus where hilar 
interneurons, granule cells, mossy cells, and CA3 pyramidal cells were 
impaled. 

Intracellular labelinn, tissue processing, and morphological analysis. 
All electrophysiological data were obtained from morphologically iden- 
tified cells (Fie. 1). Cells were labeled with 2% biocytin (Molecular 
Probes) by pa&g300 msec 0.8-I .8 nA hyperpolarizing or depolarizing 
current pulses every 600 msec for 5-76 min (23 -t 3 min, mean -C 
SEM). At the end of the experiment, the rat was perfused with 4 ml 
heparinized saline followed by 300 ml of 3.54% paraformaldehyde 
(PF) in 0.1 M phosphate buffer (PB, pH 7.4). The brain was removed, 
postfixed overnight, and cryoprotected in 30% sucrose in PB. The hip- 
pocampus was removed, slightly flattened, frozen, and sectioned (60- 
70 wrn) perpendicular to the septotemporal axis. 

Serial-sections of the entire hippocampus were mounted on gelatin- 
subbed slides and nrocessed bv the ABC method (Hsu et al., 1981). 
Endogenous peroxihase was suppressed with 10% ethanol or methanol 
and 0.3-1.0% hydrogen peroxide in PB for 0.5-l hr. Cell membranes 
were made permeable with 0.3-0.5% Triton X-100 in PB for 1 hr. 
Sections were exposed to ABC solution (1: 150, Vector Laboratories) in 
PB with 0.01% Triton X-100 for 2-l 2 hr. After thorough washing in 
PB and Tris buffer (TB, pH 7.6-8.0) sections were preincubated in 
0.04% diaminobenzidine (DAB) and 0.25% nickel ammonium sulfate 
in TB for 3 min. Hydrogen peroxide was added to result in a 0.0025% 
solution, and sections incubated for 0.5-l .O hr. The reaction was stopped 
by rinses of distilled water. The tissue was cleared and coverslipped 
with Eukitt. 

Two of the best-labeled hilar intemeurons (one aspiny fusiform in- 
temeuron and one spiny ovoid intemeuron) were reconstructed for 
quantitative analysis of their axonal plexuses. A drawing tube and a 
40 x objective on a microscope (Leitz) were used to make camera lucida 
drawings of sections containing labeled processes. Two-dimensional 
(2D) axonal length was measured from the drawings. To determine the 
distribution of axon collaterals across the strata of the dentate gyrus, 
2D axon lengths were measured in the following regions: hilus; granule 
cell layer; inner, middle, and outer thirds of the molecular layer; and 
stratum lacunosum-moleculare of CAl. 

Perforant path stimulation and analysis of synaptic responses. The 
methods used to obtain and analyze intracellular recordings have been 
described previously (Buckmaster et al., 1993). Briefly, intracellular 
potentials were recorded with the use of an amplifier with an active 
bridge circuit (Neuro-data Instruments). Cell activity and responses to 
stimulation were analyzed initially on line and were stored on videotape 
(Neuro-data Instruments) and computer (PCLAMP) for off-line analysis. 
Stimuli, delivered at 0.125 Hz, consisted of 150 psec constant current 
pulses of O-5 mA. Stimulation intensities were standardized to the 
population spike threshold (T), facilitating the pooling of data between 
animals. 

Spike threshold to perforant path stimulation was determined at the 
resting membrane potential by increasing stimulus intensity until an 
action potential was triggered. EPSP duration was measured from the 
stimulus artifact to the return of the membrane potential to the pre- 
stimulus value. To avoid contamination of the EPSP by a depolarizing 
IPSP, measurements were made from responses recorded with the mem- 
brane potential depolarized by DC holding current to at least -62 mV. 

Measurements of fast IPSPs were made at a 20 msec latency after the 
stimulus artifact; slow IPSPs were measured at a 150 msec latency. IPSP 
amplitude was measured from the prestimulus membrane potential 
when the cell was at its resting membrane potential. IPSP reversal 
potential was determined by altering the membrane potential with DC 

holding current to increase the amplitude or reverse the polarity of 
responses to perforant path stimulation of constant intensity. IPSP am- 
plitude was plotted against membrane potential, and the data were fit 
with a least squares regression line to determine the IPSP reversal po- 
tential. The slow IPSP of CA3 pyramidal cells, mossy cells, and hilar 
intemeurons could not be completely reversed, so the reversal potential 
reported for those cases was extrapolated from hyperpolarizing re- 
sponses. IPSP conductance was calculated by subtracting the cell’s input 
conductance at rest from the total conductance (input conductance + 
IPSP conductance) during the IPSP. Input conductance was determined 
as the slope of a least squares regression line plotted through an I-V 
curve, where Z is DC holding current and V is the membrane potential 
before the stimulus. Similarly, conductance during the IPSP was deter- 
mined as the slope of a least squares regression line through an I-V 
curve, where I is the DC holding current and V is the membrane po- 
tential during the IPSP (either 20 or 150 msec latency). 

Analysis of intrinsic physiology. Resting membrane potential was cal- 
culated by subtracting the resting intracellular voltage from the extra- 
cellular voltage measured when the electrode was withdrawn from the 
cell. 

Membrane time constant was determined by injecting the cell with 
0.2-0.6 nA, 100 msec hyperpolarizing current pulses and measuring 
resultant membrane potential deflections. Membrane time constant was 
defined as the time from the onset of the current pulse to the time the 
membrane potential reached (1 - l/e) x maximum voltage deflection. 

Action potential duration was measured as the time between the onset 
and offset of the action potential. Onset of the action potential was 
defined as the time when the membrane potential increased rapidly, 
with a slope 2 12 mVlmsec. The offset of the action potential was 
defined as the time when the membrane potential returned to the onset 
value. Action potential amplitude was measured from the membrane 
potential at the onset of the spike to its peak. Action potential duration 
and amplitude were measured from responses to 100 msec depolarizing 
current pulses just large enough to evoke one action potential. 

Input resistance was examined by measuring the maximal membrane 
potential deflections to 0.2-0.6 nA, 100 msec hyperpolarizing current 
pulses, and dividing the membrane potential deflection by the current 
pulse amplitude. 

Burst afterhyperpolarization (burst AHP) was measured in cells that 
produced at least four action potentials in response to 100 msec de- 
polarizing current injection. Peak amplitude was measured from the 
resting membrane potential to the peak amplitude of the burst AHP. 
Burst AHP latency was defined as the time from the offset of the current 
pulse to the peak amplitude of the burst AHP. 

Spike afterhyperpolarizations (spike AHPs) were analyzed by ex- 
amining responses to small amplitude 100 msec depolarizing current 
pulses that evoked only one action potential. Spike AHP peak amplitude 
was measured from the membrane potential at the onset of the action 
potential to the peak of the spike AHP. Spike AHP latency was defined 
as the time between the onset of the action potential and the peak of 
the spike AHP. 

Anomalous rectification was recognized by a sag in the membrane 
potential toward resting membrane potential in response to hyperpo- 
larizing current injection (300 msec, > 0.8 nA). 

Statistics. Results are expressed as mean + SEM. Comparisons be- 
tween cell types were analyzed with chi-squared test or Students t test 
(two tailed). 

Results 
Morphological and physiological data were obtained from 44 
cells: 5 hilar neurons (2 aspiny fusiform hilar interneurons and 
3 spiny hilar interneurons), 15 granule cells, 13 mossy cells, and 
11 CA3 pyramidal cells (9 CA3c, 1 CA3b, 1 CA3a). 

Morphology 
Granule cells, mossy cells, and CA3 pyramidal cells were rec- 
ognized easily by their characteristic morphological features (Fig. 

1). 
Interneurons were identified by (1) the location of their soma 

within the hilus, (2) lack of thorny excrescences, and (3) typical 
interneuron intrinsic physiology (see below). Based on mor- 
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phology, hilar interneurons fell into two groups: aspiny fusiform 
cells (n = 2) and spiny cells (n = 3). 

Aspiny fisijorm cell 
Aspiny fusiform somata were close to the inferior blade of the 
granule cell layer (12 and 21 pm away) (Fig. 1C). Their aspiny 
beaded dendrites seldom branched and extended parallel to the 
granule cell layer in the subgranular region of the hilus like the 
sparsely spiny fusiform interneuron of Ribak and Seress (1988) 
and the infrapyramidal fusiform interneuron of Amaral(1978) 
(described using the Golgi technique). However, the cells in the 
present study differed from those reported previously in that 
they were completely aspiny, and they extended one dendrite 
into the molecular layer of the dentate gyrus. 

The best-labeled aspiny fusiform hilar interneuron (Fig. 1 C) 
had a clearly visible axon plexus, permitting the first description 
of the axonal projection of this cell type (Fig. 2). Its axonal arbor 
could be followed into 59 of 120 60 pm thick sections comprising 
the hippocampus. In other words, this cell had axon collaterals 
in 49% of the septotemporal extent of the hippocampus (Fig. 
3). Axon collaterals were restricted to the dentate gyrus and 
extended 1.32 mm (22 sections) from the soma toward the 
temporal pole and 2.22 mm (37 sections) from the soma toward 
the septal pole. Axon length per section peaked in sections close 
to the soma where the plexus was most dense, and tapered off 
relatively symmetrically in sections farther from the soma (Figs. 
2, 4). Forty-six percent (132 mm) of the total 2D axon length 
(29 1 mm) was within an ideal 400 Mm thick slice containing the 
soma (Fig. 4A). Most (88%) of the axon length was in the mo- 
lecular layer; the granule cell layer and hilus contained only 5% 
and 7%, respectively (Figs. 4B, 6). For further analysis of the 
axon, the molecular layer was divided into three regions (inner, 
middle, and outer thirds), corresponding to regions of specific 
afferent input to the dentate gyrus (ipsilateral associational and 
commissural, medial entorhinal cortical, and lateral entorhinal 
cortical, respectively) (Blackstad, 1956; Steward, 1976). This 
interneuron’s axon collaterals preferentially targeted the middle 
molecular layer, which received 62% of the total molecular layer 
axon length (Figs. 4C, 6); the inner and outer molecular layers 
contained only 28% and 10% of the molecular layer axon, re- 
spectively. The other aspiny fusiform hilar interneuron in our 
sample had a similar axon projection pattern. 

Spiny hilar cell 

Spiny interneurons were positioned farther from the granule cell 
layer (i.e., deeper in the hilus); the mean distance from the 
granule cell layer was 83 + 34 pm (range = 3 1 to 148 pm). Long 
simple spines were sparse on the proximal dendrites and more 
concentrated on the middle and distal parts of the dendrites 
(Fig. 5B2). The thin dendrites ramified throughout the hilus but 
were confined therein (Fig. 5BI). These somatic and dendritic 
features are similar to those of calretinin-immunoreactive hilar 
neurons (Gulyas et al., 1992; Soriano and Frotscher, 1993) 
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which also have dendrites that do not penetrate the granule cell 
layer and dendritic spines with small heads and long necks. 

The axonal arbor of the best-labeled spiny hilar interneuron 
extended through 23% (25 of 107 70 pm thick sections) of the 
total hippocampal length (Fig. 3). Collaterals projected 9 10 pm 
(13 sections) from the soma toward the temporal pole and 840 
pm (12 sections) from the soma toward the temporal pole. Like 
the aspiny fusiform cells, the spiny hilar interneurons’ axon 
arbors were densest in sections close to the soma and tapered 
off symmetrically. Axon collaterals targeted the outer one-third 
of the molecular layer (Figs. 5A, 6), and some could be traced 
across the hippocampal fissure and into stratum lacunosum- 
moleculare of CA1 (Fig. 5A2). The remaining two spiny hilar 
interneurons in our sample had similar axon projections. Thus, 
the axon projections of these spiny hilar interneurons resembled 
somatostatin-immunoreactive hilar neurons whose immuno- 
positive axon plexus concentrates in the outer molecular layer 
of the dentate gyrus (Bakst et al., 1986; Leranth et al., 1990; 
Buckmaster et al., 1994). Spiny hilar interneurons with axonal 
projections to the outer molecular layer have been intracellularly 
labeled previously in slice experiments (Buckmaster et al., 1993; 
Han et al., 1993). However, the present study provides the first 
data describing this cell type’s axon arbor in vivo; the septotem- 
poral extent of this cell type’s axon projections exceeds previous 
estimates (see Han et al., 1993). 

Synaptic responses 
The extensive axonal arbors of these interneurons suggest that 
they influence the excitability of neurons in distant hippocampal 
lamellae. We, therefore, predicted that IPSPs of target cells in 
vivo should be larger than IPSPs of the same cell types recorded 
using the slice preparation, because (1) many inhibitory axon 
collaterals would be amputated during slice preparation, and (2) 
amputated axons have a reduced ability to release neurotrans- 
mitter (Staley and Mody, 199 1). To test this hypothesis, in vivo 
synaptic responses of dentate neurons and CA3 pyramidal cells 
were examined and compared with in vitro data obtained in our 
laboratory using comparable stimulation protocols. 

Excitatory synaptic responses 

In response to perforant path stimulation, all cells (granule cells, 
mossy cells, hilar interneurons, and CA3 pyramidal cells) showed 
a brief (5 14 msec duration) EPSP (Table 1). In some cases the 
EPSP triggered one (rarely two) action potentials. Threshold (T) 
for spike initiation was measured as a function of stimulus in- 
tensity required to drive a just-discernable population spike in 
the granule cell region. Hilar interneurons had the lowest spike 
threshold (average = 0.6 x T) of the four cell groups, but the 
spike threshold varied across cells; one hilar interneuron did 
not discharge an action potential even at high stimulus inten- 
sities (up to 3 x T). One hilar neuron fired two action potentials 
at high (> 1.75 x T) stimulus intensities (and at lower stimulus 
intensities when the membrane potential was depolarized by 

Figure 1. Examples of morphologically identified cells. A, Granule cell. Axon collaterals (arrows) ramify in the hilus. B, Mossy cell. Large, complex 
spines (thorny e&~ences, &rows) cover the proximal dendrites. C, Aspiny fusiform hilar interneuron. The fusiform soma is in the subgranular 
region of the inferior blade of the granule cell layer. Aspiny dendrites extend along the subgranular region and one projects through the granule 
cell layer and into the molecular layer (arrow). D, CA3 pyramidal cell. Schaffer collaterals (arrows) extend toward the CA1 field. Abbreviations: 
ml = molecular layer of the dentate gyrus; gel = granule cell layer; h = hilus; CA3 = CA3 pyramidal cell layer. Calibration bar (in D) is 50 pm for 
A, B, and C, 100 Km for D. 
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Figure 2. Aspiny fusiform hilar interneuron. A, Camera lucida drawings of the interneuron and its axon in 120 pm thick section (two 60 pm 
sections comprise each 120 pm section) along the septotemporal axis of the hippocampus. Note the concentration of axon collaterals in the middle 
one-third of the molecular layer of the dentate gyrus. Al, 800 pm septal from the soma. A2, 400 pm septal from the soma. A3, The soma (arrow) 
was in the subgranular region of the hilus near the inferior blade of the granule cell layer. The same cell is shown in Figure 1 C. A4, 400 pm temporal 
from the soma. A5, 800 pm temporal from the soma. Calibration bar = 100 pm. B, Photograph of labeled axon collaterals in the molecular layer 
(ml) and granule cell layer (gel) in the section containing the soma. Calibration bar = 50 pm. 
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DC current), but none of the intemeurons showed complex 
excitatory responses consisting of compound or prolonged EPSPs 
or bursts of action potentials. These threshold data are generally 
consistent with previous reports of dentate intemeurons in slices 
(Scharfman, 199 1, 1992b) and recorded extracellularly in vivo 
(Buzsaki and Eidelberg, 198 1, 1982) showing that these cells 
have lower spike thresholds than granule cells. However, the 
brief and simple nature of the excitatory response is somewhat 
in contrast to the burst response that has been described for 
intemeurons in vitro (e.g., Scharfman, 1992b). 

CA3 pyramidal cells had the highest spike threshold; even 
with very high stimulus intensities (up to 13 x T), many CA3 
cells failed to reach spike threshold. Presumably, this high 
threshold for CA3 reflects the primarily disynaptic nature of 
their input from the perforant pathway. In contrast, all mossy 
cells were effectively driven by perforant path stimulation. Three 
ofthe tested mossy cells had dendrites extending into the dentate 
molecular layer, and their mean spike threshold was lower (0.5 
x T) than that of the tested mossy cell without a molecular 
layer dendrite (2.0 x T). Consistent with these findings, Scharf- 
man’s (199 1) slice studies have shown that mossy cells with a 
dendrite extending into the molecular layer have lower spike 
thresholds than granule cells, whereas mossy cells with dendrites 
confined to the hilus have higher spike thresholds. 

IPSPS 

Biphasic IPSPs were recorded in all cells tested with perforant 
path stimulation: 9 granule cells, 10 mossy cells, 4 hilar inter- 
neurons, and 9 CA3 pyramidal cells. A summary of the IPSP 
analysis is shown in Table 1. 

Granulecells (Fig. 7A). Large conductance fast and slow IPSPs 
were recorded in granule cells. At resting membrane potential, 
the fast IPSP frequently (3/5, 60%) was depolarizing because 
the cells’ resting membrane potential was so hyperpolarized; 
however, in such cases, the fast IPSP could be reversed easily 
(Table I). The polarity of the slow IPSP of granule cells, unlike 
in other cell types, also could be reversed (Fig. 7A, Table l), 
and the slow IPSP of granule cells consistently increased in 
amplitude as the membrane potential was depolarized (mean 
level of depolarization = -54 + 2 mV, n = 8). 

Hilar Interneurons (Fig. 7B). Hilar interneuron biphasic IPSPs 
were smaller in amplitude and conductance than IPSPs in the 
other three cell types (Table 1). Fast and slow IPSP amplitudes 
in hilar intemeurons were significantly (p < 0.05) smaller than 
in CA3 pyramidal cells; the differences from other cell types 
were not statistically significant. Slow IPSPs were difficult to 
reverse in hilar interneurons. 

Mossy cells (Fig. SA). Mossy cells had smaller amplitude fast 
and slow IPSPs than CA3 pyramidal cells (p < 0.05) and smaller 
conductance slow IPSPs than CA3 pyramidal cells and granule 
cells (differences not statistically significant). Like CA3 pyra- 
midal cells, mossy cell slow IPSPs showed an anomalous voltage 
dependency. At membrane potentials more depolarized than 
-68 to -5 1 mV (mean -59 mV + 3, n = 5) the slow IPSP 
amplitude decreased. 

CA3 pyramidal cells (Fig. 8B). CA3 pyramidal cells had large 
conductance and large amplitude fast and slow IPSPs. With the 
exception of one cell, the slow IPSP decreased in amplitude at 
membrane potentials more depolarized than -64 to -43 mV 
(mean -56 + 4 mV, n = 5). 

These synaptic physiology results show that all of the cell 
types examined display brief excitatory responses and robust 

As&w Fusiform Interneuron 

Spiny Interneuron 

septal temporal 
pole pole 

Figure 3. Schematic of hilar interneuron axonal arbor extent in a “flat- 
tened” hippocampus. Soma position of an aspiny fusiform hilar inter- 
neuron and a spiny hilar interneuron is indicated by the white spot. The 
septotemporal span of the axon collaterals is indicated by the dark 
region. The axonal arbors of the aspiny fusiform hilar interneuron and 
the spiny hilar interneuron spanned 49% and 23%, respectively, of the 
septotemporal axis. 

biphasic IPSPs in vivo. The EPSPs were briefer and less effective 
in triggering action potentials than observed in vitro, and IPSPs 
were generally more prominent. Within the dentate hilus, for 
example, the mossy cell mean IPSP conductance (early IPSP) 
was 29 nS in vivo compared to only 12 nS in vitro (Buckmaster 
et al., 1993). 

Intrinsic physiology 

In order to determine whether the differences in synaptic drive, 
in vivo versus in vitro, were due to differences in intrinsic phys- 
iological properties in the slice versus intact animal, intrinsic 
physiological traits of granule cells, mossy cells, hilar intemeu- 
rons, and CA3 pyramidal cells were measured (Table 2). The 
characterization of intrinsic cell properties in vivo revealed no 
differences from intrinsic physiological data obtained in vitro. 

Granule cells (Fig. 9A). Granule cells displayed marked spike- 
frequency adaptation. The membrane time constant was some- 
what longer (not statistically significant) than in hilar intemeu- 
rons, and was significantly (p < 0.005) shorter than in mossy 
cells and CA3 pyramidal cells. The resting membrane potential 
ofgranule cells was significantly (p < 0.05) more hyperpolarized 
than all other cell types. Spike AHPs ofgranule cells were slightly 
larger (not statistically significant) in amplitude than those of 
CA3~ pyramidal cells and mossy cells. 

Mossy cells. Mossy cells tended to discharge a train of action 
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Figure 5. Spiny hilar interneuron. A, Camera lucida drawings of the intemeuron and its axon in adjacent 180 pm thick sections (three 60 pm 
sections comprise each 180 pm section). Note the concentration of axon collaterals in the outer one-third of the molecular layer of the dentate 
gyrus. Al, Septal from the soma. A2, The soma is in the hilus near the apex of the granule cell layer (arrow). Some axon collaterals crossed the 
hippocampal fissure and entered stratum lacunosum-moleculare of CAl. A3, Temporal from the soma. Calibration bar = 100 hrn. BI, Dendrites 
extend throughout the hilus but are confined therein; gel = granule cell layer, h = hilus. Calibration bar = 100 pm. B2, Higher magnification of 
one of the dendrites shown in BI. Many long, simple spines cover the distal dendrite but there are fewer proximally. Calibration bar = 25 pm. 

potentials in response to depolarizing current injection (Fig. Most (1 O/l 1, 9 1%) mossy cells showed anomalous rectification 
9BI), although a minority (4/l 1, 36%) sometimes produced a in response to hyperpolarizing current injection (Fig. 9B3). 
burst of action potentials. Mossy cells showed only slight spike- Hilar Znterneurons. Hilar intemeurons displayed little, if any, 
frequency adaptation and little, if any, burst AHP (Fig. 9B2). spike-frequency adaptation (Fig. 9CZ). The membrane time 

c 

Figure 4. Two-dimensional axon length vs. distance from the soma of an aspiny fusiform interneuron (same cell shown in Figs. 1 C, 2). A, Total 
axon. Dashed lines indicate the borders of a 400 pm thick slice, with the interneuron soma in the middle; only 46% of the interneuron’s total 2D 
axon length is contained within the borders of the 400 pm thick slice. i?, Distribution of axon length across hilus, granule cell layer, and molecular 
layer. C, Further breakdown of molecular layer (m.l.) axon distribution into inner, middle, and outer thirds; this cell shows a preferential targeting 
of the middle molecular layer. 
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Figure 6. Axonal targets of hilar intemeurons. Two-dimensional (2D) 
axon length in the granule cell layer (gel); hilus; inner one-third of the 
molecular layer (iml), middle one-third of the molecular layer @ml), 
and outer one-third of the molecular layer (oml) of the aspiny fusiform 
interneuron shown in Figures lC and 2 and of the spiny interneuron 
shown in Figure 5. Note that the aspiny fusiform hilar intemeuron’s 
axon concentrates in the middle molecular layer; whereas, the spiny 
hilar interneuron concentrates in the outer molecular layer. The spiny 
intemeuron had 2.1% of its labeled axon length in stratum lacunosum- 
moleculare of CA I. Both intemeurons project the majority of their axon 
into the molecular layer rather than to other strata of the dentate gyrus. 

constant of hilar interneurons (Fig. 9C1) was significantly (p < 
0.005) shorter than that of mossy cells and CA3 pyramidal cells, 
but the difference from the granule cell membrane time constant 
did not reach statistical significance. Hilar interneurons had the 
shortest duration action potentials of all the cell types (p < 
0.05) and they had the most pronounced spike AHPs (Fig. 9Cl). 
Spike AHPs of hilar intemeurons were significantly larger in 
amplitude (p < 0.001) and longer in duration (reflected by their 
significantly longer latency to peak amplitude, p < 0.005) than 
other cell types. 

CA3 pyramidal cells. Most CA3 pyramidal cells (718, 88%) 
responded to depolarizing current injection with a burst of ac- 
tion potentials (Fig. 9Dl). CA3 pyramidal cells showed more 
spike-frequency adaptation than mossy cells and hilar inter- 
neurons. Anomalous rectification rarely was observed in CA3 
pyramidal cells (l/9, 11%). CA3 pyramidal cells had large am- 
plitude (mean 8 + 2 mV, range 5 to I I mV, n = 3) long latency 
(mean 2 11 + 48 msec, range 117 to 277 msec, n = 3) burst 
AHPs (Fig. 902) which were not evident in mossy cells. 

Discussion 

The results of this study show that putative inhibitory dentate 
gyrus intemeurons have extensive and region-specific axonal 
arbors that can influence the excitability of neurons in distant 
hippocampal lamellae. This hypothesis is supported by the find- 
ing of more robust synaptic inhibition in the intact hippocampus 
versus the in vitro hippocampal slice. The lesser inhibition seen 
in the slice preparation cannot be explained by an alteration in 
the intrinsic physiology of dentate neurons receiving input from 
inhibitory intemeurons (cf. published data from slice experi- 
ments on granule cells, Brown et al., 198 1; Foumier and Crepel, 
1984; Fricke and Prince, 1984, mossy cells, Scharfman and 
Schwartzkroin, 1988; Buckmaster et al., 1993, hilar intemeu- 

Table 1. Synaptic responses to perforant path stimulation 

Granule cells 
Hilar 
intemeurons Mossy cells 

CA3 
Pyramidal cells 

Stimulus 
intensity (x T) 

Fast IPSP (20 msec latency) 
Reversal 
potential (mV) 

Amplitude (mV) 

Conductance (nS) 

Slow IPSP (I 50 msec latency) 

1.6 ? 0.1 1.6 * 0.2 1.6 f  0.1 1.6 + 0.1 
(6) (4) (7) (7) 

-69 zk 1 -68 t I2 -68 5 2 -69+ I 
(6) (2) (6) (4) 
Z(depo1.) + 3 3*2 5*1 IO f  I 
(5) (3) (6) (6) 
34 f  I4 IO * 5 29 f  9 28 f  8 
(6) (2) (6) (7) 

Reversal potential (mV) 

Amplitude (mV) 

-101 ? 6 - I08 -103 + 5 -115 + 8 
(6) (1) (6) (4) 
9?3 7*1 7&2 I5 + 2 
(5) (3) V-5) (6) 

Conductance (nS) IO + 4 4+1 I2 + 8 
(6) b, (7) (6) 

EPSP 
Duration (msec) 12 * I I3 t 2 l4& I II f  I 

(6) (4) (7) (7) 

Values represent mean + SEM, and n in parentheses. T is the dentate gyms population spike threshold. IPSP amplitudes were measured at resting membrane potential. 
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Figure 7. Synaptic responses of a granule cell and a hilar intemeuron to perforant path stimulation. A, Granule cell. Al, Perforant path stimulation 
(2.8 x T) evoked a brief EPSP that triggered one action potential followed by a biphasic IPSP. The fast IPSP was depolarizing and the slow IPSP 
amplitude was small at the hyperpolarized resting membrane potential (RMP). The slow IPSP reversed at membrane potentials more hyperpolarized 
than -90 mV. A2, Plot of fast (20 msec latency, open triangles) and slow (150 msec latency, filled triangles) IPSP amplitude versus membrane 
potential. The reversal potential of the fast IPSP was -68 mV, the slow IPSP reversal potential was -90 mV. AL?, Extracellular field response 
recorded after withdrawing the electrode out of the cell. B, Aspiny fusiform hilar intemeuron. BI, Perforant path stimulation (0.5 x T) evoked 
two action potentials (at depolarized membrane potentials) followed by a biphasic IPSP. This was the only cell in our entire sample that discharged 
more than one action potential in response to perforant path stimulation. There was no extracellular response available for this cell. B2, The fast 
IPSP reversed at -67 mV, the slow IPSP did not have a clear reversal potential. 
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Table 2. Intrinsic physiology 

Granule cells 
Hilar 
interneurons Mossy cells 

CA3 
Pyramidal cells 

Resting membrane 
potential (mV) 

Input resistance (MO) 

Membrane time 
constant (msec) 

Action potential 
amplitude (mV) 

Action potential 
duration (msec) 

-71 f 2 -6lk 2 
-60 to -86 -58 to -65 
13 3 

79 2 10 
31 to 147 
12 

59 * 10 
45to99 
5 

15 +2 9zk2 
6 to 29 6to 17 
12 5 

60 + 3 
45 to 78 
10 

2.3 + k 0.2 
1.6 to 3.6 
11 

56 -+ 4 
46 to 68 
5 

1.5 -t 0.2 
0.9 to 1.8 
5 

-59+ 2 
-55 to -64 
9 

88 + 9 
49 to 123 
10 

28 + 3 
13to38 
10 

55 2 3 
39 to 69 
10 

2.2 f 0.1 
1.8 to 2.6 
10 

-64k 2 
-57to -77 
10 

75 -t 6 
45 to 118 
10 

27 + 2 
15to37 
10 

57 + 3 
44to 66 
7 

2.2 + 0.1 
1.8 to 2.7 
6 

Spike AHP 
amplitude (mV) 

Spike AHP latency 
to peak (msec) 

6.7 + 0.9 14.7 t 1.1 5.2 + 0.6 5.0 + 0.9 
1.5 to 10.4 11.0 to 17.0 3.6 to 8.6 2.0 to 9.5 
10 5 9 7 

2.9 f 0.2 5.5 f 0.4 3.5 It 0.2 3.1 * 0.2 
2.0 to 3.9 4.7 to 7.0 2.9 to 4.2 2.5 to 3.7 
10 5 9 7 

Values represent mean f SEM, range, and n. 

rons, Scharfman, 1992b, and CA3 pyramidal cells, Brown et al., 
1981; Buckmaster et al., 1993), and, therefore, may reflect the 
loss/truncation of inhibitory interneuron arborization within the 
slice. 

Hilar interneurons 

Aspiny fuslform hilar interneurons. This study provides the first 
description of the axonal projections of the fusiform hilar in- 
temeuron. The extent of its axonal ramifications was impressive, 
projecting to hippocampal lamellae over 1 mm distant from the 
soma and surpassing lengths reported for other hippocampal 
interneuron types (Struble et al., 1978; Li et al., 1992). In rat, 
this extent of axon ramification corresponds to about 50% of 
the entire hippocampal length. Despite the extensive septotem- 
poral projection of this cell, it appeared to be a true local circuit 
neuron, since its axonal arbor was densest in the region near 
the soma and did not extend beyond the confines of the dentate 
gyrus. Axon collaterals concentrated in the middle one-third of 
the molecular layer, where granule cell dendrites receive afferent 
input from the medial entorhinal cortex (Steward, 1976). These 
findings suggest that a given aspiny fusiform hilar interneuron 
preferentially inhibits the effects of medial entorhinal cortical 
input to both nearby and distant granule cells. 

Spiny hilar interneurons. The spiny hilar interneurons de- 
scribed in this study should not be confused with “spiny hilar 
neurons,” a term that has been used (e.g., Scharfman, 1992b) 
to refer to mossy cells, and not to inhibitory interneurons. The 
morphological features of the spiny hilar interneurons resemble 
subsets of previously described somatostatin (Bakst et al., 1986; 

Leranth et al., 1990; Buckmaster et al., 1994) and calretinin 
immunoreactive hilar neurons (Gulyas et al., 1992; Soriano and 
Frotscher, 1993) whose dendrites are confined to the dentate 
hilus. This similarity suggests that there might be a subpopu- 
lation of hilar interneurons that colocalize the neuropeptide and 
the calcium binding protein. This speculation is consistent with 
the findings that in the hilus, somatostatin (Johansen et al., 1987) 
and calretinin immunoreactivity (Freund and Magloczky, 1993) 
both disappear early after forebrain ischemia before CA1 py- 
ramidal cells die. It has been suggested that the death of the 
inhibitory spiny hilar interneurons precedes and contributes to 
CA1 pyramidal cell death (Freund and Magloczky, 1993; Hsu 
and Buzsaki, 1993). The results of the present study and others 
(Han et al., 1993) show that some of the axon collaterals of 
spiny hilar interneurons project into CA1 where they normally 
might inhibit CA 1 pyramidal cells. Loss of this inhibitory input 
might play a role in disinhibition of CA 1 after ischemia. These 
cells, too, extend axon arbors that cover a significant proportion 
of the hippocampus; although less extensive than the aspiny 
fusiform cell, the axon arbor far exceeds the dimension of a 
hippocampal slice. 

The two types of hilar interneurons labeled in this study both 
sent their axons into the molecular layer of the dentate gyrus. 
However, within the molecular layer, each cell type targeted 
different regions. These findings are consistent with immuno- 
cytochemical evidence for stratification of interneuron axon col- 
laterals (e.g., Sloviter and Nilaver, 1987) and with cell-labeling 
slice experiments that show axon target specificity of dentate 
interneurons. Han et al. (1993) have recently described dentate 
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Figure 8. Synaptic responses of a mossy cell and a CA3 pyramidal cell to perforant path stimulation. A, Mossy cell. AI, Perforant path stimulation 
(2.5 x T) evoked a brief EPSP that triggered an action potential followed by a biphasic IPSP. The slow IPSP amplitude decreased at depolarized 
membrane potentials and was not completely reversed at hyperpolarized membrane potentials. A2, Plot of fast (20 msec latency, open triangles) 
and slow (150 msec latency, jilled triangles) IPSP amplitude versus membrane potential. The reversal potential of the fast IPSP was - 75 mV, the 
extrapolated slow IPSP reversal potential was - 10 1 mV. A3, Extracellular field response recorded after withdrawing the electrode out of the cell. 
B, CA3c pyramidal cell. BI, Perforant path stimulation (3.8 x T) evoked a brief EPSP (no action potential) followed by a large amplitude biphasic 
IPSP. The slow IPSP amplitude decreased at depolarized membrane potentials and was not completely reversed at hyperpolarized membrane 
potentials. B2, Extracellular field response recorded after withdrawing the electrode from the cell. B3, Plot of fast and slow IPSP amplitude versus 
membrane potential. The reversal potential of the fast IPSP was -72 mV, the extrapolated slow IPSP reversal potential was - 125 mV. 
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Figure 9. Intrinsic physiology of dentate gyrus neurons and CA3 pyramidal cells recorded in viva. A, Granule cell with a hyperpolarized resting 
membrane potential (RMP), fast membrane time constant, and spike-frequency adaptation. B, Mossy cell showing little spike-frequency adaptation, 
a long membrane time constant (BI), and no burst afterhyperpolarization (ALU’) (B2). Spikes have been truncated by digitization. BJ, Anomalous 
rectification frequently was identified in mossy cells by a sag in the membrane potential towards the resting potential after the maximum voltage 



interneurons that specifically target either granule cell axon ini- 
tial segments, granule cell somata, the inner molecular layer, or 
the outer molecular layer. We describe, in this study, hilar in- 
temeurons that target either the middle molecular layer or the 
outer molecular layer. Taken together, such studies suggest that 
distinct interneuron populations may be responsible for selec- 
tive inhibition at each level of the cell axis: the axon initial 
segment, the soma, and the inner, middle, and outer thirds of 
the dendrites. 

Synaptic excitability and inhibition in vivo 

In general, it was more difficult to activate spike firing in non- 
granule cells in vivo than in vitro. Since “threshold” was nor- 
malized to the dentate population spike, it is difficult to explain 
this result simply in terms of technical details, e.g., absolute 
stimulus intensities and stimulating electrode placement. We 
hypothesize that these threshold observations are a direct result 
of relatively greater inhibition in viva. 

In vivo, excitatory synaptic responses appeared to be pow- 
erfully curtailed by strong synaptic inhibition. EPSPs were brief, 
and typically only one (or no) action potentials were evoked, 
even at high stimulus intensities. In contrast, similar stimulation 
in vitro elicits bursts of action potentials in mossy cells and hilar 
interneurons (Scharfman, 1992b). Although several factors could 
contribute to this in vivo-in vitro difference in excitability, one 
major contributing factor is likely to be the better preservation 
of synaptic inhibition in vivo. Indeed, IPSPs were larger in viva 
than has been reported for orthodromically elicited IPSPs of 
dentate and CA3 neurons in hippocampal slice preparations 
(Thalmann and Ayala, 1982; Knowles et al., 1984; Buckmaster 
et al., 1993). All cell types examined in vivo showed robust, 
biphasic IPSPs. 

What underlies the apparent reduced inhibition of the hippo- 
campal slice preparation compared to the intact rat brain? Sev- 
eral possibilities exist. First, the anesthetic urethane may en- 
hance the amplitude and conductance of IPSPs. There is little 
information concerning the mechanism of action of urethane. 
It is, however, the anesthetic of choice for many acute in vivo 
epilepsy-related experiments, because it does not interfere with 
seizure activity (Sloviter, 1983). On the contrary, it has been 
reported that hippocampal interneurons reduce their discharge 
rate by up to 50% in the presence of urethane (Buzsaki et al., 
1983). This urethane action appears to be in contrast to bar- 
biturates, which enhance and prolong hippocampal IPSPs (Ni- 
co11 et al., 1975). The possibility that urethane might enhance 
the IPSPs of neurons in the intact brain has not been ruled out, 
but current data suggest that its effects would more likely reduce 
inhibitory effects. 

Second, inhibitory interneurons might be selectively vulner- 
able to the slicing technique, such that slices contain a smaller 
proportion of viable inhibitory interneurons. It has been re- 
ported that hippocampal interneurons are especially sensitive 
to ischemia and hypoxia (Johansen et al., 1987; Crain et al., 

c 
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1988; Hsu and Buzsaki, 1993; Freund and Magloczky, 1993), 
and tissue almost certainly becomes somewhat ischemic/hyp- 
oxic during the slicing procedure. Yet many laboratories have 
used in vitro techniques to obtain intracellular recordings from 
hilar interneurons (e.g., Misgeld and Frotscher, 1986; Scharf- 
man et al., 1990; Michelson and Wong, 199 1; Livsey and Vicini, 
1992; Buckmaster et al., 1993; Han et al., 1993), and the re- 
ported intrinsic physiology of interneurons recorded in slices is 
similar to our results recorded in vivo. Clearly, there is a pop- 
ulation of viable interneurons remaining in the dentate hilus of 
hippocampal slices; the question of whether there is a reduction 
in the number of viable interneurons in slices has yet to be 
addressed. 

Third, many inhibitory axon collaterals projecting across the 
hippocampus are severed when the tissue is sliced. The results 
of this study show that over half of the total axon length of a 
given aspiny fusiform hilar interneuron is amputated when a 
400 km thick slice is prepared. This estimate undoubtedly un- 
derestimates the damage because (1) tissue shrinks during pro- 
cessing such that a 400 pm thick slice of processed tissue rep- 
resents a considerably thicker slice of fresh tissue; (2) collaterals 
that loop outside and then back into the slice are included in 
the in vivo analysis but would have been functionally discon- 
nected from their soma in a slice; and (3) our in vitro estimate 
assumes that the interneuron’s position is in the middle of the 
slice-cells closer to the surface would have more axon am- 
putated because of the high density of axon close to the soma. 
Previous studies have shown that amputation ofaxon collaterals 
during slice preparation reduces neurotransmitter release in the 
dentate gyrus (Staley and Mody, 1991). Therefore, it is likely 
that the reduced synaptic inhibition of hippocampal slices is 
due, in large part, to amputation of axon collaterals from in- 
hibitory interneurons whose somata are located in distant la- 
mellae. 

The importance of this truncation of inhibitory circuitry in 
vitro is well illustrated by focusing on current studies of hilar 
mossy cells. Hippocampal slice experiments have shown that 
mossy cells receive strong excitatory synaptic input but little 
inhibitory input (Scharfman and Schwartzkroin, 1988; Livesy 
and Vicini, 1992; Scharfman, 1992a; Buckmaster et al., 1993). 
On that basis, investigators have proposed that the extreme 
vulnerability of mossy cells to brain trauma may result, at least 
in part, from the weak inhibitory modulation of mossy cell 
excitability (e.g., Buckmaster et al., 1993). However, recent re- 
ports indicate that mossy cells recorded in vivo (Soltesz et al., 
1993) receive significant inhibitory synaptic input; inhibitory 
currents can also be recorded under special conditions in the 
slice (Soltesz and Mody, 1994), even when IPSPs are not easily 
evoked. The results of the present study are consistent with all 
of these previous findings; the evoked IPSP conductance of 
mossy cells recorded in vivo is much larger than the IPSP con- 
ductance recorded in vitro. We propose that axon amputation 
and the consequent dysfunction of inhibitory axon collaterals 
explains the lesser evoked inhibition in slices. 

deflection (dashed /ine) in response to hyperpolarizing current pulses. C, Hilar intemeuron. CI, Fast action potentials were followed by pronounced 
spike AHPs. The membrane time constant was short. C2, Little or no spike-frequency adaptation. D, CA3 pyramidal cell discharged a burst of 
action potentials in response to depolarizing current injection and showed spike-frequency adaptation, a long membrane time constant (DI), and 
a large amplitude, long lasting burst AHP (02). 
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Implications and conclusions 
The results of this study provide new data on the inhibitory 
circuitry of the dentate gyrus, showing that dentate interneurons 
have relatively specific and extensive axonal projections. The 
relative laminar specificity of the axonal projections suggests 
that different subpopulations of dentate intemeurons could af- 
fect dentate excitability in a target-specific manner. Further, the 
extent of inhibition is impressively widespread; loss of inhibi- 
tory intemeurons even in a restricted area of the dentate region 
(&.g., in epileptic “foci”) may have significant consequences for 
excitability over much of the hippocampus. 
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