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SYMPOSIUM REVIEW

Modulation of hippocampal stratum
lacunosum-moleculare microcircuits

Gianmaria Maccaferri

Department of Physiology, Feinberg School of Medicine, Northwestern University, Chicago, IL 60611, USA

Abstract Although the rigorous anatomical definition of the microcircuitry of the brain is
essential for understanding its functions, the modulation of the physiological properties of
neurons and synapses may confer an additional level of complexity. Here, I review two examples
of neuromodulation within a specific microcircuit of the hippocampus, i.e. the local network of
stratum lacunosum-moleculare. In particular, I will examine the actions of two different types
of neuromodulators on the excitability and electrical coupling of two specific classes of cells.
First, T will review the effects of noradrenaline on GABAergic networks. Particular emphasis
will be placed on neurogliaform cells. Then, I will describe the chemokinergic modulation of
spontaneous firing of Cajal-Retzius cells, mediated by the chemokine (C-X-C motif) ligand
12/stromal cell-derived factor-1 o (CXCL12/SDF-1) via the CXC chemokine receptor 4 (CXCR4).
The complexities created by these diverse types of modulations for network activity, together
with their potential implications for stratum lacunosum-moleculare processing of information
in vivo, will be also presented and briefly discussed.

(Received 17 October 2010; accepted after revision 29 November 2010; first published online 6 December 2010)
Corresponding author G. Maccaferri: Department of Physiology, Northwestern University Medical School, 303 E
Chicago Avenue, Tarry Blg Rm 5-707 M211, Chicago, IL 60611, USA. Email: g-maccaferri@northwestern.edu

Abbreviations CXCL12, chemokine (C-X-C motif) ligand 12; CXCR4, CXC chemokine receptor 4; KCC2, potassium
chloride cotransporter 2; O-LM, oriens—lacunosum-moleculare; SDF-1, stromal cell derived factor-1 «.

>
(@)
9
9
(2]
>
o
o.
Y
o
©
c
-
-
O
“
()
o
|—

Synaptic input from the temporoammonic pathway
is integrated by the stratum lacunosum-moleculare
network

The CA1 hippocampus receives two main monosynaptic
glutamatergic excitatory inputs (Ramon y Cajal, 1893).
The first originates from the CA3 hippocampal sub-
field and reaches the dendrites of pyramidal cells in
stratum oriens and stratum radiatum via the Schaffer
collateral. The second is generated by neurons in layer II1
of the entorhinal cortex and targets the distal dendrites
of pyramidal cells in stratum lacunosum-moleculare
(temporoammonic pathway, see TA in Fig. 1). The fact
that these incoming projections are spatially segregated
has allowed the experimental study of their functions
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in vivo. Selective lesions of the temporoammonic pathway
in rodents have been associated with disrupted spatial
tuning of pyramidal cell firing and with compromised
long-term memory consolidation (Brun et al 2002,
2008; Remondes & Schuman, 2004). Therefore, excitatory
input from the entorhinal cortex has been proposed
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to be important for hippocampal spatial information
processing, which allows specific pyramidal neurons
(called ‘place cells’) to fire intensely only when an animal is
positioned in a specific location in an environment (called
the ‘place field’, see O’Keefe & Nadel, 1978).

Although  the temporammonic pathway s
glutamatergic (Colbert & Levy, 1992), its stimulation
has often revealed inhibitory responses in pyramidal
neurons, and its true nature has long been debated
(Soltesz & Jones, 1995). This result is due to the fact
that stratum lacunosum-moleculare hosts a strong
feed-forward inhibitory network composed of various
types of GABAergic interneurones (Freund & Buzsaki,
1996), which can be activated by the temporoammonic
pathway (Dvorak-Carbone & Schuman, 1999; see sl
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Figure 1. A simplified and ‘temporoammonic-centred’ view of
the hippocampal circuitry and its modulation by
noradrenaline (NA) and stromal cell-derived factor 1 « (SDF-1)
Key neuronal elements are shown: C-R, Cajal-Retzius cells (red); NG,
neurogliaform interneurones (blue); TA, temporoammonic pathway
(brown); P, pyramidal cell (grey); O-LM, oriens-lacunosum-moleculare
interneuron (green). The different layers of the hippocampus are
indicated at the left margin (L-M, stratum lacunosum-moleculare; R,
stratum radiatum; P, stratum pyramidale; O, stratum oriens; A,
alveus). Key synaptic (chemical and electrical) connections are shown
as follows: s1, TA to NG (glutamatergic); s2, NG to NG (GABAergic);
s3, NG to NG (gap junction); s4, NG to P (GABAergic); s5, O-LM

to P (GABAergic); s6, OLM to NG (GABAergic); s7, P to O-LM
(glutamatergic). Putative synaptic connections awaiting direct
experimental confirmation are indicated by question marks: 21, NG
to C-R (GABAergic); ?2, O-LM to C-R (GABAergic); ?3, C-R to
unidentified targets (unknown neurotransmitter). Notice that
stromal cell-derived factor 1 & appears to modulate only
Cajal-Retzius cells (white arrow), whereas at least four mechanisms
are used by noradrenaline: 1, direct modulation of temporoammonic
transmission; 2, modulation of intrinsic excitability and electrical
coupling of interneurons; 3, modulation of pyramidal cell intrinsic
excitability; and 4, modulation of firing in O-LM cells. Note that no. 4
may produce network effects in contrast to the direct modulation of
interneurones in stratum lacunosum-moleculare.
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in Fig.1). In addition, although the nature of their
major neurotransmitter is still unclear, hippocampal
Cajal-Retzius cells (see C-R in Fig. 1) are also present
in large numbers in the stratum lacunosum-moleculare
of young animals and persist, albeit strongly reduced in
number, into adulthood (Alcintara et al. 1998; Super
et al. 1998; Marchionni et al. 2010).

As previously mentioned, selective lesions of the
temporoammonic pathway produce a more diffuse
firing of place cells (Brun et al. 2008). This finding
suggests the loss of GABAergic inhibition, and therefore
that temporoammonic-dependent recruitment of inter-
neurones occurs in vivo during critical physiological
processes. Activation of local inhibitory networks may
contribute to the selection of the cell assemblies involved
in hippocampal spatial representations and of the timing
of dendritic firing relative to population oscillatory
activity (Kamondi ef al. 1998). Furthermore, the recent
observation of positively and negatively correlated place
cell-interneurone pairs, independently of the presence of
a putative monosynaptic excitatory connection within
the pair, supports the general hypothesis that the
location-specific firing of place cells is shaped, at least
in part, by the activity of GABAergic networks (Hangya
et al. 2010).

Thus, the temporoammonic input to the CAl area is
integrated by the activity of a local network composed
of many different cell types. As a consequence, neuro-
modulation of the intrinsic properties and/or synaptic
connections between the individual components would
be predicted to play a role in the fine tuning of action
potential generation in place cells. The purpose of this
short article is to review two specific mechanisms of
G-protein-coupled receptor-dependent neuromodulation
of stratum lacunosum-moleculare microcircuits. Excellent
reviews and/or research papers on the direct regulation
of temporammonic input onto the distal dendrites of
pyramidal neurons by various neurotransmitters are
already available (see, for example: Otmakhova & Lisman,
1999, 2000; Otmakhova et al. 2005; Ito & Schuman,
2007, 2008); therefore, I will focus on the modulation
of the non-pyramidal cell elements of the local network,
i.e. GABAergic interneurones and Cajal-Retzius cells.
Although cholinergic interneurones may also be present
in this circuit, very little is known about their physiological
properties, and therefore only GABAergic interneurones
will be considered (Freund & Buzsaki, 1996).

Noradrenaline regulates GABAergic networks
of stratum lacunosum-moleculare at multiple sites

Besides  pyramidal cell ~ dendrites, stratum
lacunosum-moleculare  contains a  heterogeneous
population of interneurons. Because of their high degree
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of synaptic divergence, interneurones are often the pre-
ferential synaptic targets of neuromodulation originating
from subcortical nuclei (Freund & Buzsaki, 1996; Varga
et al. 2009). In the case of noradrenaline, stratum
lacunosum-moleculare receives, in the CA1 subfield, the
highest density of noradrenergic fibres originating from
the locus coeruleus (Oleskevich et al. 1989), which is the
exclusive source of this neurotransmitter for the entire
hippocampus.

Several cellular subtypes of stratum lacunosum-
moleculare interneurones have been described: neuro-
gliaform cells (see NG in Fig.1 and Price et al. 2005;
Zsiros & Maccaferri, 2005; and Capogna in this issue of
The Journal of Physiology), perforant path and Schaffer
associated interneurons, stellate cells, basket cells (Vida
et al. 1998) and others (Lacaille & Schwartzkroin, 1988;
Khazipov et al. 1995; Freund & Buzsaki, 1996). These
interneurones may be both synaptically connected (see
s2 in Fig. 1) and electrically coupled (see s3 in Fig. 1 and
Price et al. 2005). Depending on the level of similarity of
their excitable membrane properties, coupling may form
either homologous or heterologous networks, the latter
being critically dependent on neurogliaform cells (Zsiros
& Maccaferri, 2005).

Traditionally, the effects of noradrenaline in the
brain may be mediated by «;-, o;-, or B-adrenergic
receptors, which are usually associated with the G protein
isotypes Gq, G; and G, respectively (Raymond, 1995).
Activation of adrenergic receptors has been shown to
increase the excitability of interneurones of stratum
lacunosum-moleculare and of other CA1 layers (Bergles
et al. 1996; Parra er al. 1998). This is reflected by the
increased number of spontaneous GABAergic inhibitory
postsynaptic currents/potentials (IPSP/Cs) recorded from
pyramidal cells (Madison & Nicoll, 1988; Bergles et al.
1996). However, it is important to highlight that kinetically
slow postsynaptic events are the most sensitive to
noradrenergic modulation (Banks et al. 2002). These
GABAergic events (GABA, gow IPSCs, see Pearce, 1993)
have been proposed to originate from neurogliaform cells
of which stratum lacunosum-moleculare is particularly
rich (see article by Capogna, this issue). The axonal
arborization of these cells is dense and provides a local
GABAergic input to the distal regions of pyramidal
cell dendrites (see s4 in Fig.1). Although the direct
effect of noradrenaline on the membrane potential
of identified hippocampal neurogliaform cells remains
untested, depolarizations have been recorded in an
analogous class of cell in layer II/III of the neocortex
(Kawaguchi & Shindou, 1998). Furthermore, several
additional types of interneurones in other hippocampal
layers are also sensitive to noradrenaline, and evidence
for noradrenaline-induced firing has been directly
provided by recordings from interneurones (Bergles et al.
1996; Parra ef al. 1998). Overall, depolarization was
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the most common response, although interneurones
that failed to respond to the neurotransmitter were
also observed; in a very small percentage of cases
hyperpolarizing responses were recorded (Parra et al.
1998). Two main distinct mechanisms may account for
the reported increase in interneurone excitability. The
first one is the closure of a potassium conductance
following activation of a;-adrenergic receptors (Bergles
et al. 1996; Hillman et al. 2009) and the second
is the p-adrenergic receptor-dependent shift towards
more positive potentials of the activation curve of
the hyperpolarization-activated current (Maccaferri &
McBain, 1996). This last mechanism appears to be
especially prominent in oriens lacunosum-moleculare
(O-LM) interneurones (see O-LM, Fig. 1), which express
somatostatin (Maccaferri et al. 2000) and whose soma
is located in stratum oriens, but whose axon selectively
targets stratum lacunosum-moleculare. Consistently, a
very high proportion of somatostatin-expressing inter-
neurones of stratum oriens are immunoreactive for the
Bi1-subtype of adrenergic receptor (Cox et al. 2008). O-LM
interneurones provide monosynaptic GABAergic input to
both pyramidal cells (see s5 in Fig. 1, and Maccaferri et al.
2000) and other interneurons, including neurogliaform
cells (see s6 in Fig. 1, and Elfant et al. 2008).

GABA, gow-mediated inhibition evoked by direct
stimulation of stratum lacunosum-moleculare not only
impacts the distal dendrites of pyramidal neurons, but
also reduces the activity of other GABAergic interneurones
that presumably target pyramidal cells at more proximal
locations (Banks et al. 2000). Therefore, the overall effects
of noradrenergic modulation of the microcircuitry of
stratum lacunosum-moleculare may be more complicated
than it appears at first glance. At low levels, noradrenaline
might increase firing in neurogliaform cells because of
a direct, selective effect, which would result in increased
GABAergic inhibition to the distal dendrites of principal
cells.

Although the detailed reasons underlying the proposed
special sensitivity of neurogliaform cells to noradrenaline
remain unknown, it is interesting to note that, in contrast
to what was found in other hippocampal layers, only a
very small percentage of stratum lacunosum-moleculare
interneurones are immunoreactive for either the 8, or
B, adrenergic receptor subtype, with most cells showing
no expression (Cox et al. 2008). This may suggest that
modulation of excitability in neurogliaform cells, of which
stratum lacunosum-moleculare is particularly rich, may
be predominantly mediated by «-adrenergic receptors,
which have a higher affinity for noradrenaline than the
B-subtypes (Ramos & Arnsten, 2007). In contrast, almost
100% of somatostain-expressing interneurones of stratum
oriens, which presumably contain a high proportion of
O-LM cells, expressed B;-type adrenergic receptors (Cox
et al. 2008). During temporoammonic excitation (Price



1888

et al. 2005), populations of neurogliaform cells would be
expected to suppress GABAergic input to more proximal
postsynaptic locations provided by other interneurone
subtypes (Banks et al. 2000). However, at increased
noradrenergic levels, the situation could be reversed.
Indeed, enhanced firing of O-LM interneurones and
pyramidal cells would be expected to reduce the activity
of neurogliaform cells. The anatomical and functional
substrate of this switch from feed-forward to feed-
back inhibition (provided by neurogliaform and O-LM
cells, respectively) was recently shown by Elfant et al.
(2008) with the demonstration of GABAergic connections
from O-LM interneurones to neurogliaform cells. The
direct actions of noradrenaline enhancing the excitability
of pyramidal neurons (Madison & Nicoll, 1982, 1986)
would further strengthen the excitatory drive at the CA1
pyramidal cell-O-LM interneurone synapse, which is end-
owed with facilitatory short-term plasticity (see s7 in Fig. 1
and Ali & Thomson, 1998; Pouille & Scanziani, 2004).

Thus, an attractive hypothesis is that the degree of
activity of the locus coeruleus-hippocampal projection
could bi-directionally modulate the strength of competing
GABAergic networks based on neurogliaform cells vs.
O-LM interneurons, and affect the flow of incoming
information from the entorhinal cortex to the CAl sub-
field.

Additionally, recent work has suggested that membrane
excitability may not be the exclusive target of
noradrenergic modulation of lacunosum-moleculare
GABAergic networks. In fact, noradrenaline application
to hippocampal slices has been shown to reduce
electrical coupling between interneurones via a
cAMP-cAMP-dependent protein kinase (PKA) intra-
cellular signalling cascade depending on p-receptor
activation (Zsiros & Maccaferri, 2008). Because of
the low proportion of interneurones in stratum
lacunosum-moleculare expressing f,- or fB,-adrenergic
receptors (Cox et al. 2008), this result suggests either
that the effect on coupling may be mediated by a
different receptor subtype (f85?) or that expression of
P1- and/or B,-receptors below detection levels may be
sufficient to modulate coupling if receptors and their target
adenylyl cyclase were, for example, strategically placed
in close proximity of the gap junction site. Although
yet untested for stratum lacunosum-moleculare inter-
neurons, electrical coupling in other cortical GABAergic
networks has been shown to depend on the expression
of connexin36 (Venance et al. 2000; Deans et al. 2001),
which is a substrate of PKA in vitro (Urschel et al. 2006).
Therefore, it is tempting to speculate that the direct
phosphorylation of interneuronal gap junction channels
may affect their functional properties, or alternatively,
their trafficking/localization at gap junction sites (see
Flores et al. 2010 for connexin35, the fish orthologue of
connexin36). Decreased coupling of GABAergic networks
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may enhance the separation and functional competition of
GABA, gow vs. other GABAergic networks by preventing
the spread of GABAergic inhibitory potentials (Zsiros et al.
2007) across the two microcircuits.

What can be the consequence of noradrenergic
modulation of this complex microcircuitry for
temporoammonic signalling leading to the firing of
place cells in vivo? Despite the richness of studies
on the effects mediated by noradrenaline on the
membrane/synaptic properties of various hippocampal
neurons in slices, little is known about its effect(s)
on hippocampal-dependent spatial representation by
place cells in vivo. Pharmacological blockade of
presynaptic o,-inhibitory noradrenergic receptors has
been used as a tool to increase noradrenaline release.
Under these conditions, instability of place fields was
observed, concomitant with increased firing rates of place
cells, but in a spatially non-selective manner (Tanila,
2001). In general, firing of putative hippocampal inter-
neurones was also found to be decreased (Tanila, 2001),
which may suggest, once again, that GABAergic inhibition
is important for the integration of temporoammonic
signalling. The anatomical identity of these interneurones,
however, remains unknown, and probably several distinct
subtypes were involved, suggesting the possibility that
most of the recorded unit activity did not originate from
neurogliaform cells. If this is the case, then it is tempting to
speculate on the possibility of an effect due to GABA, gow
mediated suppression of competing inhibitory networks,
as this would be predicted by in vitro results (Banks et al.

2000).
This interpretation, however, remains highly
speculative.  An  unequivocal  microcircuit-based

explanation of this result is made problematic by
the multiple direct actions of noradrenaline on pyramidal
cell excitability (Madison & Nicoll, 1982, 1986) as well as
on the temporoammonic synaptic input (Otmakhova &
Lisman, 2000). The coordinated advance in knowledge
coming from work in vitro and in vivo, together with a
unifying modelling approach, is still required for a firmer
interpretation.

Developmental aspects of stratum
lacunosum-moleculare signalling: Cajal-Retzius cells

Recent work performed on young rat pups has shown
that hippocampal cells have place fields at the onset of
navigational experience (Langston et al. 2010; Wills et al.
2010), when Cajal-Retzius cells are still present in high
numbers in the stratum lacunosum-moleculare micro-
circuit (Super et al. 1998). Thus, neuromodulation of
both GABAergic networks and Cajal-Retzius cells has the
potential to affect the integrative processes that follow
activity of the temporoammonic pathway and that may be
implicated in physiological functions.

© 2011 The Author. Journal compilation © 2011 The Physiological Society
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Although Cajal-Retzius cells have been the subject
of intense study as a major source of the glycoprotein
reelin (Tissir & Goffinet, 2003), their ‘conventional’
role in the fast regulation of network activity in the
hippocampus remains mysterious. Interestingly, these cells
do not possess a resting potential, but are spontaneously
active and appear to receive predominant, if not
exclusive, GABAergic input (Marchionni et al. 2010).
GABAergic input remains excitatory at developmental
stages associated with inhibition in other cell types
(Marchionni et al. 2010), most likely because of the lack
of expression of the KCC2 transporter (Pozas et al. 2008).
Thus, it would appear that Cajal-Retzius cells are the only
neuronal type in stratum lacunosum-moleculare that
does not require a direct, monosynaptic glutamatergic
input from the temporoammonic pathway, but, in
addition to their intrinsic firing, may be driven
polysynaptically by GABA (see ?1 in Fig.1). As a
consequence, one prediction would be that increased
firing rates due to temporoammonic signalling would
occur in a different temporal window compared to
temporoammonic monosynaptic excitation of pyramidal
cells or stratum lacunosum-moleculare interneurons.
Furthermore, activation of place cells could directly
promote firing of O-LM cells during theta cycles
(Klausberger et al. 2003) and generate excitatory
GABAergic input to selected populations of Cajal-Retzius
cells (see ?2 in Fig. 1), while simultaneously silencing
stratum neurogliaform cells (Elfant et al. 2008). Although
evidence in wvitro suggests that neurogliaform and
Cajal-Retzius cells share GABAergic input under certain
conditions (Marchionni et al. 2010) the nature of the
common presynaptic cell has not been clearly defined.
The idea that O-LM interneurones contact Cajal-Retzius
cells remains appealing, but speculative.

The apparent lack of GABA, receptor-mediated
synaptic inhibition suggests that, in contrast to other
neuronal types, different neuromodulatory mechanisms
may be required to down-regulate the activity of
Cajal-Retzius cells. Recent work suggests that chemo-
kines may be, indeed, involved (Marchionni et al.
2010). In addition to their classical role as mediators
of inflammatory responses, chemokines have rapidly
attracted the attention of neuroscientists as novel physio-
logical modulators of neuronal functions in the developing
and adult brain, following the demonstration that several
molecules belonging to this family and their receptors are
expressed by neurons, endothelial cells and glia (Rostéene
et al. 2007). Interestingly, hippocampal Cajal-Retzius
cells of young/adult animals express the G-protein
coupled chemokine receptor CXCR4 (Stumm et al. 2002;
Marchionni et al. 2010). The natural ligand of the
CXCRA4 receptor is the chemokine (C-X-C motif) ligand
12/stromal cell-derived factor-1 « (CXCL12/SDF-1),
which is known to produce a specific modulatory effect
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in various regions of the brain (Guyon & Nahon,
2007). Application of SDF-1 in vitro powerfully reduces
the spontaneous firing frequency of Cajal-Retzius cells,
most likely by activation of a potassium conductance
(Marchionni et al. 2010). Although the evidence is
purely correlative, SDF-1 also reduces the strength of
local field potentials evoked by stimulation of the
temporoammonic input to the CAl region (Marchionni
et al. 2010). It is therefore very tempting to speculate
that constant firing of Cajal-Retzius cells may play a
role in stratum lacunosum-moleculare processing and
impact its physiological functions by regulating the
strength of temporoammonic synapses. However, the
exact mechanism involved is difficult to identify because
the nature of the major neurotransmitter used by
Cajal-Retzius cells has not been unequivocally established
(see ?3 in Fig. 1). Although growing evidence points to
glutamate (del Rio et al. 1995; Hevner et al. 2003; Ina
et al. 2007), further studies establishing directly the post-
synaptic effects of Cajal-Retzius cells on their cellular
targets will shed light on the role of these neurons in the
stratum lacunosum-moleculare network.

Conclusions

In conclusion, with the aforementioned caveats, stratum
lacunosum moleculare interneurones and Cajal-Retzius
cells could be thought of as two elements of the
local network playing different integrative functions
during temporoammonic signalling driving place cells
in vivo. Direct temporoammonic input would be
predicted to increase activity in both types of cells,
possibly in different temporal windows. However, firing
of place cells would activate O-LM interneurons, which
could powerfully inhibit specific assemblies of stratum
lacunosum-moleculare cells such as neurogliaform inter-
neurons, but possibly increase spontaneous firing of
Cajal-Retzius cells. Thus, the spatiotemporal dynamic
balance of the activity of these different cell types could
be the selective target of neuromodulation mediated by
either noradrenaline or SDF-1.

Considering that only two neuromodulators and just
a few cellular types were examined, the emerging picture
appears to be that neuromodulation by noradrenaline and
SDF-1 endows specific hippocampal microcircuits with
the necessary complexity to adapt to various roles. This
flexibility may be related to the diverse and still unknown
functions of the processing performed by this network
during development and/or different brain states in vivo.
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