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Abstract. Changes in the strength of synaptic inhibition have profound 
effects on the functions of cortical neurones. Accumulating evidence 
suggests that inhibitory synaptic transmission may be the target of 
action of monoamines. In the hippocampal dentate gyrus, 
norepinephrine and serotonin (5-HT) have multiple direct and indirect 
actions on the presumed inhibitory hilar neurones. These effects are 
mediated through distinct mechanisms and signalled by different 
receptor subtypes. The predominant effects of norepinephrine are 
excitatory and are mediated by 13-adrenergic receptors. Accordingly, 
both the GABAA- and GABAB-receptor-mediated inhibition in granule 
cells is enhanced by activation of the 13-adrenergic receptor. 5-HT has 
more complex effects inhibiting a subpopulation of the hilar neurones 
and exciting other hilar cells. Study of the effects of 5-HT on inhibition 
in granule cells revealed that 5-HT enhanced C1-IPSPs and blocked 
K-IPSPs. These results are in line with the suggestion that C1- and 
K-IPSPs in granule cells are generated by two distinct populations of 
inhibitory neurones. 
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INTRODUCTION 

Normal functioning of the central nervous sys- 
tem requires the existence of a delicate balance be- 
tween excitation and inhibition. Relatively small 
changes in the GABAergic neurotransmission can 
have striking effects on the functional state of nerve 
cells, resulting in profound alterations of neuronal 
excitability. Recordings from cortical neurones in- 
dicate the presence of spontaneous inhibitory 
potentials (IPSPs), mediated by GABAA receptors 
through an opening of C1- channels (Alger and Nicoll 
1980). Most of this activity stems from an action 
potential firing of inhibitory neurones (Miles and 
Wong 1987). The perpetual barrage of spontaneous 
GABAergic activity is likely to be a critical factor in 
regulation of the neuronal excitability and the target of 
action of several neuroactive compounds. 

A growing body of evidence suggests that nore- 
pinephrine (NE) and serotonin (5-hydroxytryp- 
tamine; 5-HT) may modulate the inhibitory 
synaptic transmission in the hippocampus (Madison 

and Nicoll1988, Doze et al. 1991, Ropert and Guy 
1991, Bijak and Misgeld 1995). The hippocampus 
receives a prominent noradrenergic innervation 
from the locus coemleus (Amaral and Sinnamon 
1977, Moore and Bloom 1979). Noradrenergic 
axons form a fairly dense plexus within the hilus of 
the dentate gyms (Blackstad et al. 1967, Oleskevich 
et al. 1989). It has been shown that in the hilus ty- 
rosine hydroxylase-labelled terminals form synap- 
ses with GABA-labelled perikarya (Milner and 
Bacon 1989). The hippocampus is also a principal 
target of serotonergic afferents which stem from the 
midbrain raphe nuclei (Parent et al. 1981). Sero- 
tonin-containing fibres innervate extensively the 
stratum lacunosum moleculare of the CAI and CA3 
regions and the dentate hilus (Freund et al. 1990). 
GABAergic interneurones are the major postsynap- 
tic target of raphe afferents in the rat dentate gyms 
(Freund et al. 1990, Halasy et al. 1992). 

This report reviews studies that investigated the 
effects of NE and 5-HT on the GABA-mediated in- 
hibition in the dentate gyms circuitry. The major 

e x c i t a t o r y  s y n a p s e  ( g l u t a m a t e )  

1 i nh ib i to ry  s y n a p s e  (GABA) 

Fig. 1. Schematic diagram of the 1b;al circuitry in the rat hippocampal dentate gyms. The input from the entorhinal cortex (per- 
forant path, pp) activates synaptically granule cells (GC) and both inhibitory (HN) and excitatory (MC) interneurones in the 
dentate gyms. The granule cell output - via mossy fibres (mo- excites pyramidal cells (CA3). Mossy fibre collaterals also ac- 
tivate local circuit interneurones (HN and MC). Inhibitory interneurones synapse on granule cells and on local circuit inter- 
neurones (HN and MC). Excitatory mossy cells synapse on local inhibitory interneurones. The additional excitatory input is 
provided by CA3 cell axon collaterals. The dotted lines represent synaptic connections not considered in the present study. The 
hatched circles represent excitatory glutamatergic cells; open circles inhibitory GABAergic cells. 
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questions were: (1) how NE and 5-HT affect inhibi- 
tory interneurones in the hilus of the dentate gyms; 
(2) how GABAA- and GABAwreceptor mediated 
IPSPs in the target neurones (granule cells) are af- 
fected by NE and 5-HT; (3) whether the action on 
interneurones can be correlated with the effects of 
NE and 5-HT on synaptic IPSPs in granule cells. 

A simplified scheme on Fig. 1 shows that 
multiple sites exist for the effects of NE and 5-HT 
on the GABA-mediated synaptic inhibition in the 
dentate gyms circuitry. The activity of inhibitory in- 
terneurones (HN) may be affected directly by an ac- 
tion on their membrane potential andlor firing 
properties. Another site of modulation of the synap- 
tic inhibition is the excitatory input to inhibitory 
neurones provided -among others- by mossy cells 
(MC). The other potential site of modulation are 
GAB Aergic terminals. 

INHIBITORY HILAR NEURONES 

Studies of electrophysiological and pharmaco- 
logical properties of hippocampal neurones have 
been concentrated on principal excitatory cells (py- 
ramidal and granule cells). Inhibitory interneurones, 
which are the other major cell type in the hippocam- 
pus, have not been so well characterized, because it 
is difficult to obtain intracellular recordings from 

these sparsely distributed elements. Interneurones 
account for only 10- 12% of the total cell population 
in the hippocampus proper (Olbrich and Braak 
1985), but their axons ramify extensively in the py- 
ramidal and granule cell layers (Buckmaster and 
Schwartzkroin 1995). In the hilar region, about 60% 
of the neurones stain for glutamate decarboxylase 
(GAD), a rate limiting enzyme of GABA synthesis 
(Ribak et al. 1978, Seress and Ribak 1983). These 
GABAergic neurones innervate granule cells and 
other interneurones in the hilus (Misgeld and 
Frotscher 1986, Halasy and Somogyi 1993) and are 
likely to be in part responsible for the barrage of in- 
hibitory postsynaptic potentials recorded in granule 
cells (Miiller and Misgeld 1990, Misgeld et al. 
1992a). 

Intracellular recordings from the hippocampal 
interneurones which were subsequently identified 
morphologically by intracellular staining as aspiny 
or sparcely spiny, revealed that interneurones had 
several distinctive electrophysiological charac- 
teristics such as, brief-duration action potentials 
with large fast after-hyperpolarizations (AHPs), 
outward rectification and little spike frequency 
adaptation (Schwartzkroin and Mathers 1978, Ka- 
waguchi and Hama 1987, Buckmaster and 
Schwartzkroin 1995). A population of neurones im- 
paled in the hilar region had similar properties (Fig. 2; 

Fig. 2. Electrophysiological and morphological 
characteristics of the presumed inhibitory hilar 
neurones. A hilar neurone displaying little spike 
frequency adaptation (current pulse 0.4 nA) and 

-.---- a characteristic IN curve. A camera lucida 
1 drawing of another hilar neurone exhibiting 

similar electrophysiological properties. The 
hilar neurone was stained intracellularly with 
horseradish peroxidase. The border of the gra- 
nule cell layer is indicated by a broken line. 



Misgeld and Frotscher 1986, Scharfman et al. 1990, Effects on the slow afterhyperpolarization 
Misgeld et al. 1992b). In those neurones, the action 
potentials elicited by current pulses had pronounced Application of NE reduced the amplitude and 
AHPs (10 mV) and little discharge frequency adap- duration of slow AHP following single action 
tation. The input resistance of the presumed inhibitory potentials or a train of action potentials. The slow 
hilar neurones showed an outward rectification. AHP results from the activation of calcium-acti- 

vated potassium conductance, and was shown to be 

EFFECTS OF NE ON THE reduced by NE in principal hippocampal neurones 

PRESUMED INHIBITORY HILAR (Haas and Konnerth 1983, Madison and Nicoll 
1986). To determine the receptor subtype involved 

NEURONES in the NE-induced effect on the AHP in hilar neur- 

Effects on the resting membrane potential 

Most of the fast spiking hilar neurones showed 
no changes in membrane potential when NE (2-5 
pM) was applied. In some neurones, NE induced 
either a hyperpolarization or a depolarization, but 
those effects were small, rarely exceeding 3 mV in 
amplitude. The depolarization induced by NE was 
accompanied by an increase in the input resistance 
and could be mimicked by the 13-adrenergic agonist 

ones, specific noradrenergic receptor agonists were 
employed. The 13-noradrenergic agonist isoprotere- 
no1 blocked the slow AHP (Fig. 3A), while the a -  
noradrenergic agonists phenylephrine and 
clonidine were ineffective. The &receptor antagon- 
ist propranolol markedly attenuated the NE-in- 
duced blockade of AHP. The above results indicate 
that, like in principal cells, NE reduces the AHP in 
the presumed inhibitory hilar neurones by activat- 
ing the 13-noradrenergic receptor. 

iso~roterenol (0.1-1 PM). The hyperpolarization Effects on the firing properties of hilar 
could be mimicked by the al-adrenergic agonist neurones 
phenylephrine and by the a2-adrenergic agonist 
clonidine. Those effects were fairly similar to the It was &own that NE altered the firing properties 
d ~ ~ i b e d  action of NE on hippocampal pyramidal of hippocampal neurones by blocking their accom- 
neurones (Madison and Nicoll 1986). modation (Haas and Konnerth 1983, Madison and 

Fig. 3. The effect of isoproterenol (ISO, 1 pM) 
on afterhyperpolarization (AHP) in (A) a pres- 

I umed inhibitory hilar neurone (resting mem- +J-L-JLy 1 brane potential, RMP -61 mV) and (B) a mossy 

LU LL 
cell (RMP -63 mV). Isoproterenol reduced the 
slow AHP following a single action potential 
and a train of action potentials induced by injec- 
tion of a depolarizing current pulse (0.5 nA, 400 
ms) and increased the frequency of spontaneous 
discharges. C, the effect of norepinephrine (NE, 

c 5 pM) on burst discharges recorded in a hilar 

#wWn*lllr 
neurone (RMP -70 mV) in the presence of pi- 
crotoxin and bicuculline (50 pM). NE was ap- - J 

1 min plied at the time indicated by the bar below the 

N E  record. 
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Nicoll1986). In contrast to other hippocampal neur- 
ones, fast spiking hilar neurones did not show spike 
frequency adaptation and NE did not change their 
firing induced by the depolarizing current pulse 
(Fig. 4A). However, due to the effect on the AHP, 
the spontaneous discharge activity of hilar neurones 
was enhanced in the presence of either NE or the 13- 
adrenergic receptor agonist isoproterenol (Fig. 3A). 
NE and isoproterenol also increased the frequency 
of burst discharges recorded in hilar neurones in the 
presence of GABAA receptor antagonists (Fig. 3C). 

EFFECTS OF NE ON THE 
SYNAPTIC EXCITATION OF 
INHIBITORY INTERNEURONES 

Hilar neurones receive excitatory synapses from 
the perforant path, mossy fibres of granule cells, 
axons of mossy cells and also from axon collaterals 
of CA3 neurones (Fig. 1; Lubbers and Frotscher 
1987, Muller and Misgeld 1991). It has been shown 
that the glutamatergic synaptic transmission plays a 
role in synchronization of inhibitory hilar neurones 
(Bijak and Misgeld 1993). Entorhinal neurones, 
which are the cells of origin for the perforant path - 
a main excitatory input to the dentate gyrus - are not 
contained in the slice preparation used in these 
studies. Mossy cells, granule cells and CA3 neur- 
ones are preserved in the transverse hippocampal 
slice (Fig. I), hence, their excitatory input to inhibi- 
tory interneurones in the dentate gyrus may be af- 
fected by NE application. 

Mossy cells, which represent the most abundant 
cell type in the hilus (Amaral 1978, Ribak et al. 
1985) can be distinguished from other neurones in 
the hilar region by their morphdogical and electro- 
physiological properties. The cell body of mossy 
cells is multipolar, and somata as well as proximal 
dendrites are covered by thorny excrescences (Fig. 5). 
Electrophysiologically mossy cells could be distin- 
guished from the presumed inhibitory hilar neur- 
ones by spike frequency adaptation, variable 
afterpotentials following single action potentials, 
and inward rectification (Fig. 5; Scharfman and 

A cont ro l  IS0 

Fig. 4. The effect of isoproterenol (ISO, 1 yM) on the train of 
action potentials in (A) a presumed inhibitory hilar neurone 
(RMP -61 mV, current pulses 0.05 nA upper trace and 0.5 nA 
lower trace, 400 ms) and (B) a mossy cell (RMP -63 mV, cur- 
rent pulse 0.5 nA). In the hilar neurone, the number of action 
potentials induced by the current pulse was not changed by 
isoproterenol, as that cell type displayed no accommodation. 
In the mossy cell, isoproterenol removed accommodation of 
the discharge induced by the current pulse. 

Schwartzkroin 1988, Misgeld et al. 1992b, Bijak 
and Misgeld 1995). 

Like in the presumed inhibitory hilar neurones, 
NE (2-10 pM) had only small effect on the resting 
membrane potential but it strongly altered the firing 
properties of mossy cells. NE and isoproterenol re- 
versibly reduced the amplitude and duration of slow 
AHP following single action potentials or a train of 
action potentials (Fig. 3B). Furthermore, activation 
of 13-adrenergic receptors decreased the discharge 
frequency accommodation (Fig. 4B). All the above- 
described effects could contribute to the observed 
increase in the frequency of spontaneous discharges 
of mossy cells. This, in turn, would result in en- 
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hancement of the spontaneous excitatory postsy- 
naptic potentials (EPSPs), recorded in the presumed 
inhibitory hilar neurones. In fact, NE and isopro- 
terenol significantly enhanced the frequency of spon- 
taneous EPSPs recorded in hilar neurones (Fig. 6). 

The passive and active membrane properties of 
CA3 pyramidal neurones and granule cells were af- 
fected by NE and the 13-adrenergic agonist isopro- 
terenol in a manner similar to that observed in 
mossy cells. However, the discharge rate was in- 
creased in CA3 neurones, but not in granule cells, 
due to the fact that in the latter cell type the resting 
membrane potential (around -80 mV) was far away 
from the spiking threshold. 

-70mV 
l OmVI h - 200ms 

EFFECT OF NE ON INHIBITORY 
POSTSYNAPTIC POTENTIALS OF 
GRANULE CELLS 

I (nA! 

-0.2 -0.1 ,:' 

r' 
,o 
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The inhibitory innervation of granule cells of the 
hippocampal dentate gyms comes from at least five 

'1 0 ,: 

w Fig. 5.  Electrophysiological and morphological 
characteristics of mossy cells. A mossy cell dis- 

4 playing spike frequency adaptation (current 
0.2 

pulse 0.4 nA), and a characteristic I N  curve. A 
camera lucida drawing of another mossy cell ex- 

- - - I 0  hibiting similar electrophysiological properties. 
The cell was stained intracellularly with horser- 

_ v  (mv> adish peroxidase. 

types of GABAergic neurones which specifically 
innervate the spatially segregated parts of granule 
cells (Halasy and Somogyi 1993). Part of those in- 
hibitory neurones were found in the hilar region of 
the dentate gyrus (Misgeld et al. 1992a); there- 
fore, the observed increase in discharge rate of 
hilar neurones induced by activation of B-adrener- 
gic receptors should be accompanied by an en- 
hancement of the synaptic inhibition recorded in 
granule cells. 

Spontaneous GABAA receptor-mediated IPSPs 
can be recorded in granule cells with KC1-filled 
electrodes. These IPSPs are mostly action potential- 
-dependent events, since their frequency and ampli- 
tude are substantially reduced by TTX (Bijak and 
Misgeld 1995). NE and isoproterenol markedly in- 
creased the frequency of the C1-IPSPs. The recor- 
ding in the presence of excitatory amino acid 
receptor antagonists ensures that spontaneous 
IPSPs stem from the intrinsic activity of interneuro- 
nes. Under such pharmacological conditions the 

I S 0  , Fig. 6. The effect of isopro- 
terenol (ISO, 0.1 pM) on - 

- - spontaneous EPSPs recorded 

-- -d in a hilar neurone (RMP -70 
mV) in the presence of picro- 

1s toxin and bicuculline (50 pM). 
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Fig. 7. The effect of isoproterenol (ISO, 0.1 yM) on spontaneous IPSPs recorded in a granule cell. A, a granule cell (RMP -80 
mV) was recorded in the presence of CNQX (5 yM) with a KC1-filled electrode; C1-IPSPs are seen as depolarizing events. Ap- 
plication of isoproterenol caused a marked increase in the frequency of spontaneous IPSPs; that effect was reversed upon wash- 
ing isoproterenol off the bath. Addition of picrotoxin (PCX, 20 yM) blocked all the spontaneous IPSPs. B, in another granule 
cell (depolarized by current injection to -65 mV) the frequency of K-IPSPs recorded in the presence of picrotoxin and bicuculline 
(50 yM) was increased by isoproterenol. 

frequency of monosynaptic spontaneous IPSPs was 
significantly increased by NE and isoproterenol 
(Fig. 7A). 

NE and isoproterenol also enhanced the fre- 
quency of tetrodotoxin-resistant IPSPs indicating 
that the GABAergic transmission in the dentate 
gyms is also enhanced by a direct effect of NE on 
the GABA release (Bijak and Misgeld 1995). Like- 
wise, NE acting on &receptors augments the 
action potential-independent IPSPs in hippo- 

campal pyramidal cells (Bijak et al. 1991) and in 
cerebellar neurones (Llano and Gerschenfeld 
1993). 

The stimulation-induced synaptic inhibition of 
hippocampal neurones consists of two separate 
components: an early IPSP, induced by a Cl-con- 
ductance increase and mediated by GABAA recep- 
tors, and a late IPSP, induced by a K-conductance 
increase and mediated by GABAB receptors (for 
rev. see Misgeld et al. 1995). The spontaneous, 

A Fig. 8. The effect of 5-HT (5 yM) on giant IPSPs in a 
granule cell (RMP -80 mV; depolarized to -70 mV by 
current injection, recorded in the presence of CNQX 10 
yM))  (Al)  4-AP induced giant IPSPs in the granule 
cell. Recording was obtained using a KC1-filled 
microelectrode to make C1-IPSPs depolarizing and K- 
IPSPs hyperpolarizing. (A2) 5-HT hyperpolarized the 
cell and sdectively blocked K-IPSPs. On washout (3) 
both C1- and K-IPSPs were recorded. (B) In the 
presence of picrotoxin (50 yM) 4-AP induced only K- 
IPSPs. Those IPSPs were reversibly blocked by 5-HT. ' Os During the 5-HT-mediated hyperpolarization (A2 and 
B2), membrane potential was manually clamped back 
to predrug membrane potential to show that the effect 
was independent from membrane potential. 1, control; 
2, during 5-HT application; 3, washout 8 min. 



GABAB receptor- mediated, K-dependent IPSPs 
can be recorded in granule cells when inhibitory 
neurones are driven to burst discharges (Miiller and 
Misgeld 1990,199 1, Misgeld et al. 1992b). Accord- 
ingly, in the presence of the GABAA receptor anta- 
gonist picrotoxin, K-IPSPs occur in some granule 
cells. The frequency of these K-IPSPs is increased 
by NE and isoproterenol (Fig. 7B). 

EFFECT OF 5-HT ON THE 

pending on the degree of the cell hyperpolarization 
by 5-HT (Ghadimi et al. 1994). 

4-AP induced giant C1- and K-mediated IPSPs in 
granule cells (Miiller and Misgeld 1991). 5-HT 
blocked the K-mediated IPSPs (Fig. 8); it either did 
not affect the C1-dependent IPSPs (Fig. 8A) or in- 
creased their frequency (Ghadimi et al. 1994). 
Under normal pharmacological conditions the 
spontaneous C1-IPSPs recorded in granule cells 
were also enhanced by 5-HT. The effect of 5-HT on 

PRESUMED INHIBITORY HILAR hilar neurones and IPSPs in granule cells corrobor- 

NEURONES AND ON INHIBITION ated the assumption that different inhibitory cells 

OF GRANULE CELLS 
generated C1- and K-dependent IPSPs (Fig. 9; for 
rev. see Misgeld et al. 1995). 

5-HT had two separate and distinct effects on the DISCUSSION 
resting membrane potential of fast spiking hilar 
neurones: it induced either profound hyperpolariza- The results presented above indicate that NE and 
tion, or slight depolarization in a small population 5-HT enhance the GABAA receptor-mediated sy- 
of hilar neurones. The 5-HT-induced hyperpolariza- naptic inhibition in the dentate gyrus. While acting 
tion was mediated by an increase in the K-conducta- on the a-adrenergic receptors of hilar neurones, NE 
nce (Ghadimi et al. 1994) and it resembled the increases their excitability by diminishing AHP and 
hyperpolarizing response to 5-HT, recorded in prin- by producing a barrage of EPSPs and slight depo- 
cipal hippocampal cells (Andrade and Nicoll1987). larization. The enhanced excitability of hilar neur- 
The depolarizing action of 5-HT could also be ob- ones may contribute to the increased inhibition 
served in pyramidal neurones, but only after observed concurrently in granule cells. Although hilar 
blockade of ~ - H T I A  receptors which mediate the neurones are a heterogenous cell group (Arnaral 
hyperpolarizing response (Colino and Halliwell 1978), the effects of NE are fairly uniform and, in 
1987). many respects, comparable to those reported for py- 

5-HT increased the firing of hilar neurones ramidal and granule cells (Haas and Konnerth 1983, 
which were not hyperpolarized by that agent. The Madison and Nicoll 1986, Haas and Rose 1987). 
activity of the hilar neurones that were hyperpo- Such a uniform action of NE on the hilar neurones 
larized by 5-HT was inhibited. Similarly, the burst is in line with the NE-induced enhancement of both 
discharges induced by the convulsant 4-AP in hilar GABAA- and GABAB-mediated inhibition. The ef- 
neurones were either enhanced or inhibited, de- fects of 5-HT suggest that neurones which mediate 

ci IPSPS (GABA-A) 

5HT 1 

K I P S P S  ( G A B A - B )  

Fig. 9. Summary of the effects of 5-HT in the den- 
tate network. Different hilar neurones generate 
GABAA and GABAB-receptor mediated synaptic 
potentials in granule cells. 5-HT hyperpolarized 
and inhibited hilar neurones which generated 
GABAB-receptor mediated inhibition. 5-HT either 
had no effect or excited hilar neurones which gener- 
ated GABAA-receptor mediated inhibition. 
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the GABAB receptor-dependent inhibition are in- 
hibited, while at least part of the neurones that medi- 
ate the GABAA receptor-dependent inhibition are 
activated by 5-HT. 

The present paper shows that in order to under- 
stand the effect of monoamines on the neuronal net- 
work, their action on single elements of the network 
as well as on mutual interactions between these ele- 
ments should be taken into account. 

A number of in vivo studies have examined the 
effect of stimulation of NE and 5-HT centres on the 
spontaneous discharge of hippocampal neurones 
(Segal and Bloom 1974, 1976, Segal 1975, Curet 
and de Montigny 1988) and the principal conclu- 
sion from these reports is that the synaptically re- 
leased NE and 5-HT inhibit neuronal firing. The 
inhibitory effects of NE in vivo are most frequently 
ascribed to the action of NE on a IS-adrenergic re- 
ceptor (Segal and Bloom 1974, Bevan et al. 1977). 
In contrast, the IS-adrenoceptor activation in vitro 
mediates direct excitatory effects of NE on pyrami- 
dal and granule cells (Madison and Nicoll 1986, 
Haas and Rose 1987). Enhancement of the synaptic 
inhibition by NE via its action on a IS-adrenergic 
receptor may underlie the described in vivo nora- 
drenergic inhibition of the hippocampal cell ac- 
tivity. 

The hippocampus plays an important role in 
neuronal plasticity, learning and memory, as well as 
in seizure activity. In the hippocampus, dentate gra- 
nule neurones act as a relay station: they receive the 
input from the entorhinal cortex via the perforant 
pathway and send the output to CA3 and CAI neur- 
ones via a mossy fibre projection. Thus the activity 
of granule cells plays an important role in regulating 
the functional state of the hippocampal network. 
The studies of the dentate h a w  clearly shown that 
the circuitry of the fascia dentata is quite complex, 
and that interactions between granule cells and 
other cell types may be crucial for regulation of 
the granule cell output. Therefore agents that 
modulate the synaptic inhibition in this area, such 
as NE or 5-HT, may be involved in regulation of 
the information transfer through the dentate 
gyrus. 
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