
Inhibitory CAI -CA3-Hilar Region Feedback 
in the Hippocampus 

Attila Sik, Aarne Ylinen,* Markku Penttonen, Gyorgy Buzsakit 

The organization of the hippocampus is generally thought of as a series of cell groups that 
form a unidirectionally excited chain, regulated by localized inhibitory circuits. With the 
use of in vivo intracellular labeling, histochemical, and extracellular tracing methods, a 
longitudinally widespread, inhibitory feedback in rat brain from the CAI area to the CA3 
and hilar regions was observed. This long-range, cross-regional inhibition may allow 
precise synchronization of population activity by timing the occurrence of action poten- 
tials in the principal cells and may contribute to the coordinated induction of synaptic 
plasticity in distributed networks. 

T h e  cell types of the hippocampus and 
their network connections have been inves- 
tigated intensively, for such knowledge is a 
prerequisite for understanding the involve- 
ment of the hippocampus in memory for- 
mation, temporal lobe epilepsy, ischemic 
damage, and Alzheimer's disease (1 ). Earlier 
studies revealed a unidirectional feed-for- 
ward excitatory pathway from the entorhi- 
nal cortex to dentate granule cells to CA3 
to CA1 pyramidal cells and subicular neu- 
rons (2). The spread of excitation is con- 
trolled by local circuit inhibitory intemeu- 
rons (3). Although recent studies have be- 
gun to unveil the complexities of the inhib- 
itory and excitatory circuitries of the 
hippocampus (3-6), the view that the in- 
trahippocampal flow of information is large- 
ly unidirectional has remained unchal- 
lenged (7). We describe here a new type of 
CA1 interneuron that projects back to the 
CA3 and hilar regions. 

In the course of our histochemical ex- 
periments with reduced nicotinamide ade- 
nine dinucleotide phosphate (NADPH)- 
dia~horase (8). axon collaterals were fre- . ., 
quently observed to cross the hippocampal 
fissure in both intact and subcortically de- 
nervated rats (9). In several cases, axon 
collaterals emerging from parent cell bodies 
in the CA1 region could be followed to the 
hilar region (Fig. 1, A through C). A fea- 
ture of these axon collaterals was the pres- 
ence of extremely short (1 to 4 ~ m ) ,  drum- 
stick-like appendages with large boutons 
and narrow necks (Fig. ID). These 
NADPH-diaphorase-positive neurons are 
known to contain the synthetizing enzyme 
of nitric oxide (NO) and are immunoreac- 
tive for y-aminobutyric acid (GABA) (8, 
10). 

To verify the above observations, we 
injected a small volume of the anterograde 
tracer biocytin extracellularly into the 
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alveus and stratum oriens of the CA1 re- 
gion (I  I). Labeled axon collaterals were 
observed in the stratum radiatum of the 
CA1 and CA3 areas and in the hilar region 
in both intact rats and rats with subcortical 
denervation of the hippocampus (Fig. 2). A 
typical feature of the axon collaterals enter- 
ing the CA3 and hilar regions was the 
presence of drumstick-like appendages. 

In the next series of experiments, we 
impaled, labeled, and reconstructed 12 non- 
pyramidal neurons in the CAI region in 
162 rats (12). Physiological analysis re- 
vealed the typical characteristics of inter- 
neurons: fast (10 to 400 Hz), short-duration 

Fig. 1. (A) Reconstruction 
of the dendrites and a 
main axon collateral of an 
NADPH-diaphorase-posi- 
tive cell from three neighbor- 
ing brain sections. Note that 
the main axon crossed the 
fissure en route to the hilar 
region. (B and C) Photo- 
montage of the axon collat- 
eral [arrows in (B)] and the 
cell body (C), respectively. 
(D and E) "Drumstick-like" 
axonal appendages (arrows) 
on the collaterals of the 
NADPH-diaphorase-posi- 
tive cell (D) and of the biocy- 
tin-labeled neuron (E) shown 
in Fig. 3. (F) Electron micro- 
graph of the biocytin-filled 
axon terminal (a) in the CA3 
stratum radiatum on a den- 
dritic shafl (d). The straight 
arrow indicates a symmetric 
synapse. The same dendrite 
received an asymmetric 
synapse on a spinehead 
(double-headed C U N ~ ~  ar- 
row). Another asymmetric 
synapse is marked by a 
curved arrow. Size bars: (A), 
100 Fm; (B), 25 pm; (C), 100 
pm; (D) and (E), 5 pm; and 

action ~otentials, pronounced spike after 
hyperpolarization, and limited spike fre- 
quency accommodation (13). Six cells were 
typical basket cells, one of them was a 
chandelier cell. two of them arborized ~ r i -  
marily in the basal and apical dendritic 
layers (3), and one neuron innervated ex- 
clusively the distal apical dendrites of pyra- 
midal cells. Three-dimensional reconstruc- 
tion of their axon arbors indicated that they 
were local circuit neurons (3) because axon 
collaterals concentrated at the level of the 
cell body with limited (within ? 0.6 mm) 
septotemporal spread. Axon collaterals of 
the remaining two neurons, however, left 
the CA1 region. 

The soma of the first cell was found in 
the alveus, and its dendrites projected into 
the stratum oriens (Fig. 3). The dendrites 
were beaded, and occasional spines were 
found on the distal dendrites. The ~ r i n c i ~ a l  
axon gave rise to six main collaterals, all of 
which crossed the pyramidal layer. Three of 
them coursed through the stratum radiatum 
of the CA3 region, two of them crossed the 
hippocampal fissure and the granule cell 
layer, and the sixth remained in the CA1 
region. The main collaterals gave rise to 
rich axon terminal networks in all three 
regions. On the basis of bouton density 
[24.80 ? 4.13 (SD) per 100 ~ m ]  and total 
axonal length (101 mm), we estimated that 

I 
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(F), 0.5 pm. Abbreviations: alv, alveus; or, stratum oriens; pyr, pyramidal layer; rad, stratum radiatum; Im, 
lacunosum-moleculare; hf, hippocampal fissure; ml, molecular layer; gr, granule cell layer; and hil, hilar 
region. 
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Fig. 2. Axon collaterals labeled in 
an anterograde manner in the CA3 
and hilar regions after extracellular 
injection of biocytin in the CAI re- 
gion (1 1). (A) Injection site. (B) La- , 
beled nonpyramidal cells (arrows) 1 
at the stratum oriens-alveus border \ 

posterior to the injection site. (C) j c - "  
Enlarged camera lucida drawing of 
the boxed area shown in (A). NDte 
labeled collaterals in the C A ~  and C 
hilar regions in this single 100-(~m 
section. The subcortical inputs to 
the hippocampus had been re- 
moved 10 days before the biocytin 
injection (9). Abbreviations are as in 
Fig. 1. 

ar 

this interneuron formed approximately 
25,000 synapses within the hippocampus. 
The physiological characteristics of the cell 
revealed features of an interneuron (Fig. 4). 
Similar to the NADPH-diaphorase axon 
collaterals, drumstick-like appendages were 
present on the biocytin-labeled axons in all 
regions and layers (Fig. 1E). Electron mi- 
croscope examination (14) of the boutons 

revealed that the axon collaterals made 
symmetric synapses on dendritic shafts and 
cell bodies, but not on the dendritic spines, 
of unidentified target neurons (Fig. IF). 
Spines were often present on the dendrites 
of several target neurons, which suggests 
that they were pyramidal cells. 

The cell body of the second cell project- 
ing backward (relative to the direction of 

Fig. 3. Axonal and dendritic ar- mml I CAI 
borization of an intracellularly la- 
beled feedback CAI neuron, re- 
constructed from 52 6 0 - I L ~  coro- 
nal sections. The cell body is in the 
alveus. Axon collaterals were found 
in three regions of the hippocam- 
pus (CAI = 24.3% of the entire 
axon length; CA3 = 61.5%; and the 
dentate hilar region = 14.2%). The 
dendritic tree resembled somatosta- 
tin-immunoreactive and NADPH- 
diaphorase neurons (10,20). Thick "i, 
lines represent the borders of the CA3 

hippocampus and cell layers. Inset: - 
summated lengths of axon collater- 
als along the septotemporal axis. S, 
septal direction; T, temporal direction. Abbreviations are as in Fig. 1. 

Fig. 4. Electrophysiological proper- 
ties of the neuron shown in Fig. 3. 
(A) Voltage responses of the cell 
(upper traces) to depolarizing and 
hyperpolarizing current steps (lower 
traces). (B) Spontaneous activity at 
the resting membrane potential. (C) 
Evoked responses to commissural 
path (arrow) stimulation (90 (LA). 
Note the polarity reversal of the hy- 
perpolarizing response below -70 
mV, which indicates a GABA, re- 
ceptor-mediated synaptic potential - .  

(27 ). (D) At higher intensity (1 50 
pA), a depolarizing potential (open -60 ; d 
arrow) occurred intracellularly 3 ms -70 lntra 

after the extracellularly recorded -L&+-- 
population spike (upper trace; dotted line), indicating recurrent excitation of the neuron by CAI pyramidal 
cells. The extracellular electrode was placed in the CAI pyramidal layer. Calibration bar: 50 ms [(A) and 
(C)]; 100 ms in (B); and 25 ms in (D). 

information flow) was at the border of the 
alveus and stratum oriens. Its long dendrites 
were confined to the stratum oriens. A rich 
axon arbor was present in the strata oriens, 
pyramidale, and radiatum of the CA1 re- 
gion, covering a 2.2-mm segment in the 
septotemporal direction. A main axon col- 
lateral coursed into the CA3 stratum radia- 
tum, giving off several collaterals in the 
stratum radiatum of the CA3a and CA3b 
regions. Another main collateral traveled 
almost to the septal end of the hippocampus 
and turned caudally to give rise to a termi- 
nal arbor in the CA3 stratum oriens. A 
third main collateral entered the fornix. 
where it became myelinated. Drumstick- 
like appendages were present on the axon. 
collaterals, although they were less numer- 
ous than on the other back-projecting in- 
terneuron. In contrast, axons of the 10 local 
circuit interneurons did not have drum- 
stick-like appendages. 

The presence of nonprincipal neurons 
with widespread longitudinal and interre- 
gional projection fields should have impor- 
tant implications for the physiological op- 
erations and pathophysiological states of 
the hippocampus. Physiological studies 
have shown an exceptionally high coher- 
ence of population activity in the septotem- 
poral axis of the hippocampus, including 
theta and gamma waves, irregular sharp 
waves. ultrafast (200 Hz) transient oscilla- 
tory waves, and epileptic patterns (15, 16). 
The propagation velocity of these patterns 
in the longitudinal direction and across dif- 
ferent subfields is often faster than could be 
accounted for by the conduction velocity of 
pyramidal cell axons (16). The fast-con- 
ducting interneurons with long-range ax- 
onal fields may be critically involved in the 
timing of action potentials of spatially dis- 
tant principal neurons (1 7) and thereby in 
assisting synchronous discharge and coher- 
ent oscillations. Another interesting aspect 
of these neurons is that they may produce 
NO, a diffusable second messenger that has 
recently been implicated in long-term po- 
tentiation (18). Because activation of a cir- ' . , 

cumscribed group of CA1 pyramidal cells 
can discharge the long-range feedback neu- 
rons, it may be hypothesized that timed 
release of NO by their extensive axon col- 
lateral system may permit use-dependent 
modification of concurrently active syn- 
apses at successive levels of the hilar region 
and CA3 and CAI axis (19). 
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Molecular Determinants of State-Dependent 
Block of Na+ Channels by Local Anesthetics 

David S. Ragsdale, Jancy C. McPhee, Todd Scheuer, 
William A. Catterall 

Sodium ion (Na+) channels, which initiate the action potential in electrically excitable 
cells, are the molecular targets of local anesthetic drugs. Site-directed mutations in 
transmembrane segment S6 of domain IV of the Na+ channel a subunit from rat brain 
selectively modified drug binding to resting or to open and inactivated channels when 
expressed in Xenopus oocytes. Mutation F1764A, near the middle of this segment, 
decreased the affinity of open and inactivated channels to1 percent of the wild-type value, 
resulting in almost complete abolition of both the use-dependence and voltage-depen- 
dence of drug block, whereas mutation N1769A increased the affinity of the resting 
channel 15-fold. Mutation 11 760A created an access pathway for drug molecules to reach 
the receptor site from the extracellular side. The results define the location of the local 
anesthetic receptor site in the pore of the Na+ channel and identify molecular determi- 
nants of the state-dependent binding of local anesthetics. 

Voltage-gated Na+ channels are integral 
membrane proteins that are responsible for 
the initial, rapid depolarization of the ac- 
tion potential in nerve and muscle cells. A t  
negative membrane potentials, most Nat  
channels are in closed, resting states. In 
response to membrane depolarization, the 
channels open in a few hundred microsec- 
onds, resulting in Na+ influx through a 
Na+-selective pore, and then convert to a 
nonconducting inactivated state. The rat 
brain Na+ channel consists of a (260 kD), 
p l  (36 kD), and P2 (33 kD) subunits (1). 
The a subunit is composed of four homol- 
ogous domains (I through IV), each with six 
a-helical transmembrane segments (S1 
through S6) (2, 3). The a subunit forms 
functional channels when expressed in 
mammalian cells (4, 5) or Xenopus oocytes 
(6) ,  although coexpression of P l  is required 
for normal kinetic properties in oocytes (7). 

Local anesthetics block Na+ channels 
with complex voltage- and frequency-de- 
pendent properties that are important for 
the clinical efficacy of the drugs and that 
indicate that drug binding is modulated by 
channel state (8-11). The state-depen- 
dence of block can be explained by an  
allosteric model in which a modulated drug 
receptor has a higher affinity when chan- 
nels are open or inactivated than when the 
channels are resting (8-10). Biophysical 
evidence is consistent with the hypothesis 
that this receptor site is on the a subunit in 
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the ion-conducting pore and accessible 
from the cytoplasmic side of the channel (9, 
12-1 5). Determination of the amino acids 
that form the local anesthetic receptor site 
is important for understanding the complex 
action of these drugs. The S6 segment in 
domain IV (segment IVS6) of Ca2+ chan- 
nels and the S6 segment of K+ channels 
have been implicated in the binding of pore 
blockers (1 6). We  used site-directed mu- 
tagenesis to examine the function of seg- 
ment IVS6 of the a subunit of the Na+ 
channel in local anesthetic action. Muta- 
tions in IVS6 altered the sensitivity of Na+ 
channels to local anesthetics, indicating 
that amino acids in this region are determi- 
nants of the action of these drugs. 

Rat brain type IIA Nat  channels (3) 
expressed in Xenopus oocytes (wild type) 
(17, 18) were blocked -40% by 200 FM 
etidocaine, a tertiary amine local anesthet- 
ic, when the oocytes were stimulated infre- 
quently (1 pulse per 20 s) (Fig. 1A). This 
tonic block mainly reflects drug binding to 
resting channels, the channel state that 
predominated at the holding potential of 
-90 mV (8-10). To  determine whether 
amino acids in IVS6 are involved in local 
anesthetic action, we substituted alanine 
sequentially for the native amino acids at 
each position from F1756 to L1776 (Fig. 
1A) (18). Alanine was chosen because it 
changes the size and chemical properties of 
the residues but has minimal effects on 
protein secondary structure (1 9). 

Most IVS6 mutants exhibited a 40 to 50% 
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