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Diversity and function of corticopetal
and corticofugal GABAergic projection
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GABAergic long-range projections were first described
in 1966 (REF."). The earliest studies of such projections
pertained to GABAergic neurons with prominent pro-
jections in, for example, the basal ganglia and cerebellar
output nuclei'”. Many other GABAergic projections
became accessible only recently with the development
of tools, such as viral-based anterograde and retro-
grade labelling, that enable the detection of sparse
projections. Indeed, many neocortical and archicor-
tical GABAergic projections are relatively sparse and
their investigation therefore requires highly sensitive
and specific tools. Thus, the first cortical GABAergic
projection was revealed as late as 13 years after the dis-
covery of basal ganglia GABAergic outputs®. Studying
cortical GABAergic projections remains a challenge,
as reflected in the scarce literature on this topic: over
the past 10 years, only about 5 papers per year have been
published in this area.

There has been noticeable progress in this area over
the past 8 years. The continuous addition of newly
detected projections to the list of long-range GABAergic
neurons can be attributed mainly to the increasing use
of adeno-associated virus (AAV) as a vector to target
GABAergic neurons for optogenetic manipulations. This
tool has allowed researchers not only to reveal novel
projections but also to characterize their postsynaptic

Abstract]| It is still widely thought that cortical projections to distant brain areas derive by and
large from glutamatergic neurons. However, an increasing number of reports provide evidence
that cortical GABAergic neurons comprise a smaller population of ‘projection neurons’ in
addition to the well-known and much-studied interneurons. GABAergic long-range axons that
derive from, or project to, cortical areas are thought to entrain distant brain areas for efficient
information transfer and processing. Research conducted over the past 10 years has revealed
that cortical GABAergic projection neurons are highly diverse in terms of molecular marker
expression, synaptic targeting (identity of targeted cell types), activity pattern during distinct
behavioural states and precise temporal recruitment relative to ongoing neuronal network
oscillations. As GABAergic projection neurons connect many cortical areas unidirectionally or
bidirectionally, it is safe to assume that they participate in the modulation of a whole series of
behavioural and cognitive functions. We expect future research to examine how long-range
GABAergic projections fine-tune activity in distinct distant networks and how their recruitment
alters the behaviours that are supported by these networks.

effects in vitro and in vivo. In this Review, we focus on
advances that have been made since the first use of AAVs
to visualize and functionally study cortical GABAergic
long-range projections in 2012 (REF) and highlight some
pressing questions for future research. A review on cor-
tical GABAergic projections discovered before 2012 is
available elsewhere®.

Based on anatomical and in vitro electrophysiologi-
cal studies, certain connectivity patterns for GABAergic
long-range projections have emerged and, based on
these data, speculations as to the in vivo function of these
projections have been made. Below, we discuss the
in vivo studies that addressed the question of whether
the frequently postulated function of synchroniza-
tion and disinhibition at long distance holds true and,
if so, under which behavioural conditions GABAergic
long-range projection neurons get recruited.

Definition of GABAergic projections

In this article, we use the term ‘GABAergic projection’
to refer to long-range axons that span regions of dif-
ferent sensory modalities and/or executive and cogni-
tive functions. Thus, we do not consider projections
between subregions of a brain area (for instance, sub-
fields of the hippocampus) or between primary and
secondary cortical areas of the same modality. We do
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Fig. 1 | GABAergic projection neurons form classical and atypical synapses.

a| Schematic drawing that depicts a classic GABAergic synapse. The presynaptic long-
range axon terminal harbours the molecular machinery for GABA synthesis (glutamate
decarboxylase (GAD)) and vesicular GABA transport (vesicular GABA transporter (VGAT))
and the postsynaptic site is equipped with synaptic GABA, receptors (GABA,Rs) that
mediate fast inhibitory postsynaptic currents (IPSCs) in response to GABA release.

b | Alternatively, the presynaptic terminal contains GABA-containing, VGAT* vesicles as
aresult of GABA uptake mediated by the GABA transporter (GAT) in the absence of cell
internal GABA synthesis. ¢ | Activation of the long-range axonal terminal induces slow
inhibitory postsynaptic currents that are mediated by extra-synaptic GABA,Rs at the
postsynaptic site. For most GABAergic projections, only one or a few of the features
depicted in parts a—c have been investigated to determine their GABAergic nature.

Tonic

This refers here to currents that
are relatively long lasting and
emerge through the opening of
extrasynaptic receptors.

include projections to the contralateral hemisphere that
connect cortical areas of the same modality as well
as projections connecting areas of different modali-
ties within one hemisphere (for example, motor and
somatosensory areas).

We use the term GABAergic projection neurons if the
neurons under study met one of the following criteria:
expression of GABA-synthetizing proteins; expression of
vesicular GABA transporter (VGAT); presence of GABA
in synaptic vesicles; expression of neurochemical mark-
ers known to be present in cortical GABAergic neuron
subtypes such as parvalbumin (PV; a caveat is that PV is
expressed in a few glutamatergic cells in the retrosplenial
and the somatosensory cortices’), somatostatin (SOM;
a caveat is that at least one SOM Cre-driver line that is
often used to identify and target SOM neurons is asso-
ciated with erroneous Cre expression in some PV* and
PV~ SOM™ neurons® ') and vasoactive intestinal pep-
tide (VIP); and induction of GABA receptor-dependent
postsynaptic currents in targeted neurons.

Most GABAergic projections presumably form
classic GABAergic synapses (FIC. 1) but some probably
deviate from this pattern. For instance, dopaminergic
ventral tegmental area—substantia nigra neurons project-
ing to the striatum do not express any type of glutamate

decarboxylase (GAD) and thus do not synthetize GABA,
but they take up GABA from the extracellular space
through membrane-bound GABA transporters'>"2.
Another ‘atypical GABAergic projection’ is the one
from the tuberomammillary nucleus to the cortex.
Here, GABA is synthesized and released and acts via
extrasynaptic GABA, receptors, resulting in slow tonic
inhibition". This type of GABAergic connection has also
been found in neurons of the developing hippocampus,
in which its activation induces tonic currents that, in
turn, cause depolarization owing to a high intracellular
chloride concentration in the postsynaptic cell'.

Heterogeneity of GABAergic projections
The ever-increasing use of AAV-based tracing methods
has led to the identification of an unexpectedly high
number of GABAergic projections that were unknown
before 2012 (TABLE 1, FIG. 2) and it is safe to assume
that more projections will be discovered in the com-
ing years. In parallel, previously identified pathways
have been studied in more detail and an unexpected
diversity in these projections has been found. Based on
anatomical investigations, it initially appeared that all
GABAergic projections from the medial septum (MS)
to the hippocampus were PV* (REF."). However, subse-
quent electrophysiological studies identified fast-firing
and burst-firing GABAergic projection cells in the MS,
pointing towards the presence of at least two physiolog-
ically distinct subtypes. In fact, we now know that, in
rodents, MS GABAergic projections to the hippocam-
pus and the medial entorhinal cortex (MEC) originate
from several cell types, namely calbindin (CB)*, PV* and
choline acetyltransferase (ChAT)* neurons'®". There is
still no consensus regarding the co-expression of some
of these markers (for example, CB and ChAT'**).
Importantly, CB*, PV* and ChAT" projections from the
MS to the entorhinal cortex innervate layer 1/2 (L1/2)
cells in the MEC with different cell-type specificity'”'*.
However, other studies demonstrated that PV* septal
projection neurons that express DNA-binding protein
SATBI differ according to metabotropic glutamate
receptor 1A (mGluR1A) expression, activity patterns
and axonal targeting’"*. Thus, neurons with no detect-
able mGluR1A expression innervate PV* axo-axonic and
cholecystokinin-expressing cells in the hippocampal
CA3 region selectively?”, whereas mGluR1A-expressing
neurons innervate GABAergic neurons mainly in the
MEC and presubiculum®'. The latter findings have been
facilitated by the use of single-unit recordings and the
juxtacellular labelling of single neurons, a technique
that provides unparalleled detailed information about
the functional, chemical and morphological diversity of
projection neurons. Studies of this kind — that is, stud-
ies that provide information at multiple levels of analy-
sis — will be of extreme importance in furthering our
understanding of projection neurons.

In addition to the neurons described above, there is
a plethora of cortical GABAergic projection neurons,
many of which were discovered using AAV-based trac-
ing. Previous retrograde tracing studies had indicated
the presence of cortico-cortical projections originating
mainly from neurons expressing SOM and neuronal
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nitric oxide synthase (nNOS)* and of corticofugal PV*
neurons projecting to the striatum’. Using AAV-based
tracing, three recent publications revealed cortical
SOM* neurons (mainly in deep layers) that project to
several subcortical brain areas”~**. Moreover, PV* and
VIP* GABAergic corticofugal projections have been

REVIEWS

discovered****”. Several studies****" provide increasing

evidence that several, if not all, cortical areas harbour
GABAergic neurons that project at a long distance to
other cortical and subcortical regions (TABLE 1).

Recent functional studies that differentiate between
GABAergic projection neurons based on SOM, PV

Table 1 | Newly discovered projections to and from the neocortex and archicortex

Source area

Target area

Hippocampal projections

CAT1 stratum oriens
(VIP*)

CAI1 stratum oriens
(NNOS*)

Cortical projections

Neocortex
(orbitofrontal and
motor cortices)

MEC

Motor and auditory
cortices

Subiculum

Endopiriform nuclei,
piriform cortex,
entorhinal cortex and
perirhinal cortex

Motor cortex

Infralimbic cortex

Ventral olfactory
nucleus

Auditory cortex

Subiculum

Tenia tecta, diagonal band, medial septum,
subiculum, entorhinal cortex, mammillary nuclei,
lateral hypothalamus, olfactory tubercle, olfactory
bulb, ipsilateral dentate gyrus and contralateral
hippocampus

Mediodorsal thalamic nucleus (ipsilateral and
contralateral), reticular thalamic nucleus, amygdala,
dorsal raphe, cerebral cortex (ipsilateral and
contralateral), CPu (ipsilateral and contralateral),
LGP, MGP, nucleus accumbens, olfactory tubercle,
substantia innominata, ventral pallidum (ipsilateral
and contralateral) and substantia nigra

Tracing technique

Retrobeads, patch clamping
with biocytin labelling

Cre and Flp-dependent AAV
expression, fluorogold

AAV, Fast Blue

Refs

87

101

MS CTB "
Striatum AAV 2
CA1 Pseudotyped rabies tracing 138
Amygdala Fluorogold (iontophoretic) 2

Striatum, insular cortex, frontal association area,
somatosensory cortex, dorso-lateral orbital cortex,
prelimbic cortex, anterior cingulate cortex, perirhinal
cortex, auditory cortex, temporal association area,
contralateral motor cortex, parietal cortex, orbital
cortex, dorsal peduncular cortex, infralimbic cortex,
piriform cortex and visual cortex

Prelimbic cortex

Lateral hypothalamus

Lateral amygdala

Medial septal projections

MS (PV?)

MS (CB*)
MS

Parasubiculum, presubiculum and subiculum, LEC,
MEC, retrosplenial cortex and perirhinal cortex

MEC and hippocampus
Double projection to the MEC and presubiculum

Subcortical projections to cortex

GPe

Amygdala
Amygdala (CeMA)

Raphe nucleus

Cortex

Parasubiculum
Ventromedial prefrontal cortex

Medial prefrontal cortex

CTB, AAV, pseudotyped rabies
tracing

Electrophysiology

CTB, pseudotyped rabies
tracing

AAV, CTB, Retrobeads

Retrobeads, PHAL, AAV

AAV, PHAL, Retrobeads

Juxtacellular labelling, AAV,
retrograde rabies virus tracing

Fluorogold, AAV, biotinylated
dextran amine, Retrobeads

Fluorogold (iontophoretic)
AAV

Fluorogold in GAD67-EGFP
mice

26

16,17

16,17

103,142

143

144

145

AAV, adeno-associated virus; CB, calbindin; CeMA, centromedial nucleus of the amygdala; CPu, caudate putamen; CTB, cholera toxin
subunit B; EGFP, enhanced green fluorescent protein; GPe, external globus pallidus; LEC, lateral entorhinal cortex; LGP, lateral globus

pallidus; MEC, medial entorhinal cortex; MGP, medial globus pallidus; MS, medial septum; nNOS, neuronal nitric oxide synthase;

PHAL, phaseolus vulgaris leucoagglutinin; PV, parvalbumin; VIP, vasoactive intestinal peptide.
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< Fig. 2| Cortical GABAergic projections. Cortical GABAergic projections form a widely
distributed neuronal network spanning many cortical and subcortical brain areas. The
schematics depict published GABAergic projections from and to the hippocampus
(part a), from the cortex (part b) and to the cortex (part c). The discovery of cortical
GABAergic projections has been strongly facilitated by the use of viral-tracing techniques.
The first study in which these techniques were used in this context was published in 2012
and projections described in papers published from 2012 onwards are highlighted in pink.
Projections that express different markers and that are from or to different sub-nuclei
are not separately shown. Branching points in our schematic do not necessarily indicate
the existence of double-projecting neurons but only serve the purpose of simplifying the
image. Amy, amygdala; Au, auditory cortex; BF, basal forebrain (comprising the MS,
ventral pallidum, diagonal band nuclei, substantia innominata—extended amygdala and
peripallidal regions); Cg, cingulate cortex; CPu, caudate putamen; DBB, diagonal band
of Broca; DP, dorsal peduncular cortex; EC, entorhinal cortex; En, endopiriform nucleus;
F, frontal cortex; GP, globus pallidus; GPe, external globus pallidus; GPi, internal globus
pallidus; HIPP, hippocampus; Hypo, hypothalamus; |, insula; |G, indusium griseum;
IL, infralimbic cortex; LC, locus coeruleus; M, motor cortex; MD, mediodorsal thalamus;
MS, medial septum; NAc, nucleus accumbens; NI, nucleus incertus; O, orbitofrontal cortex;
OB, olfactory bulb; OT, olfactory tubercle; PaS, parasubiculum; Per, perirhinal cortex;
PFC, prefrontal cortex; Pir, piriform cortex; PrL, prelimbic cortex; PrS, presubiculum;
PtA, parietal association area; R, raphe; RS, retrosplenial cortex; Rt, reticular nucleus;
S, somatosensory cortex; SN, substantia nigra; Sub, subiculum; TeA, temporal association
area; TMN, tuberomammillary nucleus; TT, tenia tecta; V, visual cortex; VON, ventral
olfactory nucleus; VTA, ventral tegmental area; ZI, zona incerta.

Theta oscillations
Oscillations of extracellularly
recorded currents in the
hippocampus at frequencies
between 5 and 12 Hz; this
rhythmic activity is most
prominent during exploratory
behaviour.

Grid cells

Neurons in the medial
entorhinal cortex that are
spatially tuned and whose
hexagonal firing pattern
accounts for the naming of this
cell type; they support spatial
memory and navigation.

and/or SAT1B, and mGIuR1A expression”"*>* suggest
that a detailed classification of projection neurons is
relevant to dissect their diverse complex postsynaptic
effects and functions in fine-tuning behaviour. A clas-
sification beyond marker expression including other
criteria, such as the identity of postsynaptic targets
and state-dependent neuronal activity, as performed
by Unal et al.”’ and Joshi et al.”” for septo-hippocampal
projections, is also a desirable goal in future studies of
other GABAergic projection neurons. Thus, it is likely
that SOM* cortical projection neurons are differentially
recruited during the various cognitive or behavioural
events: we know, for example, that in the somatosensory
cortex, whisker stimulation results in decreased SOM*
neuron activity in L2/3 and L5a but increased activity in
L4 and L5b to L6 (REF**). Whether such functional dif-
ferences apply also to SOM* projection neurons in these
cortical layers remains to be established.

Functions of GABAergic projections

Many ascending GABAergic projections from the brain-
stem, thalamus and basal forebrain have been impli-
cated in wakefulness or arousal (for a review, see REF>*).
In addition, several recent studies have revealed that
certain GABAergic projections connecting subcortical
brain areas support functions related to sleep states™ and
feeding behaviour®. However, subcortical projections,
including GABAergic projection neurons in the basal
ganglia, are beyond the scope of this Review.

For cortical GABAergic projection neurons, one
major function that has been repeatedly proposed per-
tains to the synchronization of distant brain areas®*>**~*,
A number of considerations support this conjecture. First,
GABAergic projection neurons often target GABAergic
neurons, which in turn regulate local network oscilla-
tions (see the review by Caputi et al.® and Supplementary
Table 1 for newly discovered targets). Second,
GABAergic projections often exhibit extensive arborisa-
tion in the target area and there is evidence for individual

REVIEWS

GABAergic projection neurons that target more than
one downstream area. These features probably facilitate
the synchronization of several target cells or areas**=*!.
For example, individual PV* and/or CB* GABAergic
neurons in the MS project to both the entorhinal cortex
and hippocampus'’, the hippocampus and subiculum®’,
or the entorhinal cortex and presubiculum?'. Third,
MS and hippocampal long-range axons are heavily
myelinated, which might subserve fast action poten-
tial propagation velocity and temporal accuracy'>*'-*.
Single-cell sequencing revealed the specific expression
of the myelin marker pleiotrophin in nNOS* putative
cortical GABAergic projection neurons*. Fourth, several
hippocampal and septal GABAergic projection neurons
are coupled to network oscillations?*>*4143454 (F|C. 3).
Fifth, GABAergic projection neurons facilitate oscilla-
tions at resonance frequency as revealed by optogenetic
activation and inhibition experiments>'**-*,

It is thought that temporally coordinated activity in
brain areas at long distance is necessary for the precise
timing of incoming and outgoing signals to facilitate
cognitive processes’'. Indeed, synchronized neuronal
activity has been detected between many cortical and
subcortical brain areas and its functional significance
has been discussed in the context of several disorders,
such as schizophrenia, autism*” and depression®, and
in processes such as decision-making™ and memory
formation®. However, studies addressing the cognitive
and behavioural effects following the manipulation of
long-range GABAergic activity have remained scarce.
Moreover, it is not clear whether any of the reported
cognitive and behavioural effects are linked to altered
synchronization between distant brain areas via oscilla-
tory coupling. Below, we take a closer look at projections
from and to the cortex whose function and oscillatory
activity have been investigated in more depth.

Septal projections

To date, the septo-hippocampal pathway is the best-
studied of all corticopetal and corticofugal GABAergic
projections in terms of diversity and functionality.
This pathway comprises PV* and CB* GABAergic pro-
jections™ as well as cholinergic-GABAergic projections
(some of which also express CB'“'**") that target distinct
populations of neurons in CA1, CA3 and the dentate
gyrus (DG) (FIC. 4).

The MS is crucial for the generation of theta oscillations
in the hippocampus and has a role in spatial learning and
memory** . Lesions of the MS lead to decreased theta
rhythmicity in the hippocampus and to impaired spatial
working memory®. Of note, inactivation of GABAergic
septal neurons alone is sufficient to impair spatial learn-
ing®**’. Finally, pharmacological inactivation of MS neu-
rons disrupts theta oscillations and the firing of spatially
tuned neurons (grid cells) in the MEC®-"°,

Do septo-hippocampal projections modulate network
oscillations? It has long been hypothesized that cholin-
ergic fibres drive theta oscillations whereas GABAergic
fibres support their precise timing***. Such a simplified
dichotomy is difficult to maintain in view of the increas-
ing evidence that a marked number of ChAT" terminals
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co-transmit GABA" (see below). The first evidence that
septal GABAergic projections affect hippocampal oscil-
lations was obtained in acute slice preparations in which
septo-hippocampal connections remained intact”’. In
this study, electrical stimulation of septal fibres at theta

Suppressed firing during
SWRin CA1

Fig. 3 | Oscillatory coupling of rhythmically firing
hippocampal and septal GABAergic projection
neurons. Schematic depicts projections with known
activity patterns during theta oscillations and sharp wave—
ripples (SWRs). a | A study found that projection neurons
in stratum radiatum (n=2 cells) exhibited preferred firing
at the descending phase of CA1 theta oscillations*. Both
cells projected to the cortex, with one of them projecting
additionally to the subiculum. b | Projection neuronsin
stratum oriens fired preferentially at the early ascending
phase of theta oscillations and increased their firing rate
during SWRs. The target areas for the two cell types in

the first two rows in part b are unknown but, considering

a previous publication*, the subiculum can be thought of
as a putative target area. The depicted characteristics

of the first and second types are based on 4 and 2 cells,
respectively, with a theta phase coupling of 226-305
degrees (descending phase) and 0.6-2.7 degrees (early
ascending phase), respectively’®. Neurons of the third type
depicted in the bottom row (n=6 cells) projected to the
subiculum. Of these 6 cells, 4 also projected to the medial
septum (MS) and 3 also projected to the cortex'. ¢ | Septal
parvalbumin-expressing (PV*) neurons projecting to CA3
fired preferentially during or around the trough of theta’”.
They included the so-called ‘Teevra cells’ (n=8 cells with
identified projections in CA3 and PV immunoreactivity)
that fired shortly before the trough or during the ascending
phase of theta (342-357 and 5.7-138.6 degrees, respectively).
SWRs were detected only in a few cases (n=4 Teevra cells)
and, although not conclusive, it appears that the firing
frequency during SWRs did not change in this cell type.

Of the 8 cells, 3 had axonal branches in CA1 (REF?) (see
also TABLE 2, cell type 1). Unal et al. found a similar cellin
anaesthetized rats (second row, n=1; see also TABLE 2,
cell type 2) without CA1 projections and with increased
SWR-associated firing*.. d | A septal PV* neuron projecting
to CA1 and subiculum preferentially fired during the late
ascending phase of CA1 theta oscillations (n=1, see also
TABLE 2, cell type 3)*'. e | A septal PV* neuron projecting

to the dentate gyrus (DG), CA1 and CA3 exhibited
preferential firing during the descending phase of

theta and a decreased firing rate during SWRs (n=1,

see also TABLE 2, cell type 4)*".

frequency entrained the firing of CA1 pyramidal cells,
which was thought to result from the rebound firing
of rhythmically inhibited GABAergic interneurons.
Subsequently, recordings with extracellular electrodes in
the MS and hippocampus in rats during sleep revealed
that most cells in the MS are coupled to hippocampal
theta oscillations but are less active during hippocam-
pal sharp wave-ripples (SWRs)*, further substantiating
the idea that septo—hippocampal projections specifically
drive hippocampal theta oscillations. Borhegyi et al.
provided the first evidence for differential activation
of GABAergic PV* projection neurons in 2004 (REF.*).
The authors hypothesized that septal neurons firing at
the peak and trough of hippocampal theta respectively
target distal dendrite-targeting and somata-targeting
interneurons in the hippocampus — an innervation pat-
tern that would support the precise pyramidal cell firing
at the trough of theta oscillations. More than 13 years
later, using single-cell recordings and juxtacellular label-
ling, Joshi et al. and Unal et al. were able to character-
ize innervation patterns and in vivo activity patterns of
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GABAergic septo-hippocampal projections

GAD*
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high frequency (150-250Hz)
synaptic currents that emerge
through the highly synchronous
firing of neurons in the
hippocampus during
immobility and slow

wave sleep.
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Temporal alignment of the
phases of two oscillators
such that the first oscillator
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of the second oscillator.
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Fig. 4 | Target specificity of septo-hippocampal GABAergic neurons. Molecularly defined septo-hippocampal
GABAergic neurons innervate distinct subtypes of hippocampal neurons. Schematic drawing of projections and
target cells. GABAergic septo—hippocampal projections target a heterogeneous population of interneurons and
pyramidal cells. Parvalbumin-expressing (PV*) GABAergic projection neurons exhibit specific targeting of subsets of
hippocampal interneurons (mainly PV*). The target cells of choline acetyltransferase-expressing (ChAT*) and calbindin-
expressing (CB*) projection neurons remain to be fully determined. CCK, cholecystokinin; CR, calretinin; DG, dentate
gyrus; GAD, glutamate decarboxylase; MS, medial septum; NPY, neuropeptide Y; SOM, somatostatin; VIP, vasoactive

intestinal peptide.

several PV* projection neurons with such properties™*'

(TABLE 2). However, the latter study also pointed towards
an unexpected diversity of PV* septo-hippocampal neu-
rons. Thus, at least in rats, four PV* septo-hippocampal
neuron types were discernible when considering their
temporal spike-coupling to ongoing CA1 theta oscilla-
tions and their cellular targeting in the hippocampus®
(TABLE 2, FIG. 3).

Interestingly, Unal et al. found that projection neurons
also innervated local neurons, suggesting that these cells
are ideally suited to synchronize local as well as distant
networks®. It is noteworthy that, in one of the first pub-
lications on cortico-cortical GABAergic projection neu-
rons, published in 1989, Germroth et al. already pointed
out that individual GABAergic projection neurons from
the MEC to the hippocampus exerted simultaneous local
(MEC) and remote (hippocampus) inhibition’. In the
context of these considerations, the most interesting
question is whether connectivity rules in the two target
areas diverge. One furthermore wonders whether local
and distant axon branches derived from the same source

neuron differ functionally (for example, axon thickness,
myelination, release probability).

It should be noted here that not all septo-hippocampal
neurons fire with high rhythmicity. A recent study demon-
strated the existence of low-rhythmic-firing neurons
with less reliable phase coupling to theta oscillations
and frequent skipping of theta cycles”. Their molecular,
morphological and target cell profile was distinct from
the PV* projection neurons described above, thus add-
ing to the diversity of septo-hippocampal projection
neurons (TABLE 2).

Consistent with a scenario according to which
GABAergic septo-hippocampal neurons are involved
in the generation of hippocampal theta oscillations, a
study found that, during locomotion, the overall activ-
ity of GABAergic septo-hippocampal axon terminals
measured by GCaMP imaging in CA1 correlated with
the power of theta oscillations (type I theta; the precise
timing could not be revealed in this study owing to
the low temporal resolution of GCaMP imaging)™. The
identity of the GABAergic terminals was not further
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Table 2 | Characteristics of PV* septo—hippocampal neurons

Target cells in the hippocampus

CA3 (2 out of 2 tested neurons
innervated PV* axo-axonic cells,
and 1 out of 2 tested neurons
innervated CCK* cells); partly CA1

(3 out of 8 cells)

CA3 (few somata in stratum lucidum

and radiatum)

CA1 (PV+, SOM*, NPY* bistratified

cells); subiculum

CA3 (PV* axo-axonic cells); DG (PV*
cells and a single nNOS* cell); CA1

(PV* axo-axonic cells)

CA3 PV* basket cells; a single CA3

Coupling to CA1 Firing rate Spike rates  Anaesthesia® Organism Number Refs
theta phase® during theta during CA1 of cells

versus non-theta SWR events detected
Trough and Unchanged Constant Non-anaesthetized, Mice 9 2
ascending phase head fixed
(during run and
rest)°
Trough or early Increased Increased Urethane Rat 1 o
ascending phase
Late ascending Unknown Constant Urethane Rat 1 i
phase
Descending Unchanged Suppressed Urethane Rat 1 3
phase
Unknown Unknown Unknown Urethane Rat 1 o

nNOS* cell; a single CA3 SOM* cell

CCK, cholecystokinin; DG, dentate gyrus; nNOS, neuronal nitric oxide synthase; NPY, neuropeptide Y; PV, parvalbumin; SOM, somatostatin; SWR, sharp wave—
ripple. *Theta oscillations were recorded in CA1 stratum oriens or pyramidale. "Urethane anaesthesia results in type Il theta. “Theta during running is defined as
type | theta whereas theta during rest can be defined either as type | (during rapid eye movement sleep) or type Il (mainly upon salient stimuli).

analysed in this study. Hence, it is not clear whether any
of the above-mentioned GABAergic terminals