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1 | INTRODUCTION
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Abstract

The lateral habenula (LHDb) is a brain structure which is known to be pathologically hy-
peractive in depression, whereby it shuts down the brains' reward systems. Interestingly,
inhibition of the LHb has been shown to have an antidepressant effect, hence making
the LHb a fascinating subject of study for developing novel antidepressant therapies.
Despite this however, the exact mechanisms by which inhibitory signalling is processed
within the LHb remain incompletely understood. Some studies have proposed the exist-
ence of locally targeting inhibitory interneuron populations within the LHb. One such
population is believed to be akin to neocortical neurogliaform cells, yet specific mo-
lecular markers for studying these neurons are sparse and hence their function remains
elusive. Recently, neuron-derived neurotrophic factor (NDNF) has been proposed as
one such marker for neocortical neurogliaform cells. Using a combination of histologi-
cal, physiological and optogenetic tools, we hence sought to first validate if NDNF was
selectively expressed by such inhibitory neurons within the neocortex, and then if it
was confined to a similar population within the LHb. While we report this to be true
for the neocortex, we find no such evidence within the LHb; rather that NDNF is ex-
pressed without restriction to a particular neuronal subpopulation. These results hence
indicate that molecular markers can represent broadly diverse populations of neurons
on a region-to-region basis and that therefore each population as defined by molecular

marker expression should be validated in each brain structure.

associated with these centres (Yang et al., 2018). Consequently,
inhibition of the LHb has been shown to have potential as a

The lateral habenula (LHb) is a brain structure which is
known to be hyperactive in depression (Cui et al., 2018; Li
et al., 2011; Shabel et al., 2014; Yang, Cui, et al., 2018), thus
potentiating inhibitory input to the midbrain reward cen-
tres (Christoph et al., 1986; Ji & Shepard, 2007; Matsumoto
& Hikosaka, 2007; Wang & Aghajanian, 1977) and render-
ing the sufferer incapable of experiencing positive emotions
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novel therapeutic approach in the treatment of depression
(Huang et al., 2019; Lecca et al., 2016; Li et al., 2011; Shabel
et al., 2014; Tchenio et al., 2017; Winter et al., 2011; Yang,
Cui, et al., 2018). Hence, studying the mechanisms by which
inhibitory signalling is processed within the LHb should yield
invaluable insight into potential treatments for depression; yet
these mechanisms remain poorly understood.

Several reports have recently proposed the existence of lo-
cally targeting GABAergic neurons within the LHb (Flanigan
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et al., 2020; Webster et al., 2020; Zhang et al., 2018). Earlier work
has also indicated that a subclass of neuron physiologically and
morphologically akin to that of neurogliaform cells exists within
the LHb (Wagner et al., 2016; Weiss & Veh, 2011), although as-
of-yet no evidence exists to indicate that these form functional
local connections. Neurogliaform cells are a very distinct class
of inhibitory neuron known to be present in the neocortex (Olah
et al., 2007; Tamas et al., 2003; Wozny & Williams, 2011),
hippocampus (Armstrong et al., 2011; Price et al., 2005, 2008;
Vida et al., 1998) and striatum (Ibanez-Sandoval et al., 2011).
These neurons mediate both feed-forward synaptic inhibition
(Armstrong et al., 2011; Price et al., 2008) and slow inhibitory
signalling via volume transmission, whereby GABA spill-over
from neurogliaform cell axon terminals can act on extra-synaptic
GABAg receptors (Olah et al., 2009). This permits for prolonged
GABAergic signalling which can continuously dampen excit-
ability within a large volume of neural tissue (Oléh et al., 2009;
Szabadics et al., 2007). Indeed, dysfunction of GABAg signalling
within the LHDb is known to be implicated in driving depressive
behaviour, while restoring GABAg signalling alleviates the de-
pressive phenotype (Lecca et al., 2016). However, whether this
GABAj; signalling arises from local neurogliaform cell activity is
still unknown. Thus, studying the local microcircuitry that these
neurons form within the LHb is an intriguing prospect.

However, a problem in studying these neurons in other
brain regions has been the lack of selective molecular mark-
ers (Overstreet-Wadiche & McBain, 2015). Neuropeptide Y
(NPY) has classically been used as one such marker in cor-
tical circuits (Overstreet-Wadiche & McBain, 2015; Tricoire
et al., 2010), in that it is expressed by almost all neurogli-
aform cells, but also has the limitation that it is expressed by
other neuronal populations. More recently, however, neuron-
derived neurotrophic factor (NDNF) has been proposed as
a more selective marker for L1 neurogliaform cells in the
neocortex (Abs et al., 2018; Tasic et al., 2016; Tasic, 2018).
Following up on these findings, we aimed to validate that
NDNF expression was indeed selective for neurogliaform
cells within the neocortex, and to then test its potential use as
a marker of habenular neurogliaform cells. This would allow
us to study the circuitry formed by NDNF-positive neurons
within the LHb. However, we found that NDNF is expressed
without restriction in LHb neurons and as such that this mo-
lecular marker is not selective for habenular neurogliaform
cells as it is within the neocortex.

2 | MATERIALS AND METHODS

21 | Animals

All procedures were approved by the Animal Welfare and
Ethical Review Body of the University of Strathclyde in ac-
cordance with UK legislation.

Male and female mice from each strain were used in this
work. All animals were maintained on a C57BL/6 back-
ground, and kept on a 12:12 light/dark cycle under stan-
dard group housing conditions with unlimited access to
water and normal mouse chow. New-born pups were housed
with parents until weaning at P21. To generate transgenic
reporter-bearing offspring, transgenic mice of the NDNF-
IRES-Cre (Jax. ID 025836) (Tasic et al., 2016) or PV-
IRES-Cre (Jax. ID 017320) (Hippenmeyer et al., 2005)
driver lines were crossed with either Ai32 (Jax. ID 025109)
(Madisen et al., 2012) or Ai9 (Jax. ID 007909) (Madisen
et al., 2010) reporter mice driving expression of channel-
rhodospin-2 (ChR2) and enhanced yellow fluorescent pro-
tein (eYFP), or the enhanced red fluorescent protein variant
TdTomato in a Cre-dependent manner, respectively. The
resulting offspring strains are hence referred to as: NDNF-
IRES-Cre::Ai32 and NDNF-IRES-Cre::Ai9, or PV-IRES-
Cre::Ai32. NPY-hrGFP mice (van den Pol et al., 2009) were
also used in this study.

2.2 | Acute brain slice preparation

C57BL/6 (N = 5; P21-28), NDNF-IRES-Cre::Ai32 (N = 6;
P21-28), NDNF-IRES-Cre::Ai9 (N = 5; P21-36) or PV-
IRES-Cre::Ai32 (N = 6; P23-40) were humanely euthanized
by cervical dislocation and immediately decapitated, and
brains were rapidly removed and transferred to ice-cold oxy-
genated (95% O,; 5% CO,) sucrose-based artificial cerebro-
spinal fluid (ACSF) solution containing (in mM): sucrose
50, NaCl 87, NaHCO; 25, KC1 3, NaH,PO, 1.25, CaCl, 0.5,
MgCl, 3, sodium pyruvate 3 and glucose 10. Brains sec-
tions containing the habenula were then cut in the coronal
plane at 250-300 um on a Leica VT1200S vibratome (Leica
Biosystems, Newcastle-upon-Tyne). In order to ensure slices
contained the habenula, the hippocampus was used as a
visual guidance due to the easily identifiable structure and
immediate proximity to the habenula. Following sectioning,
slices were incubated in oxygenated sucrose-based ACSF at
35°C for 30 min, and then incubated for a further 30 min at
room temperature in ACSF containing (in mM) NaCl 115,
NaHCO; 25, KCI 3, NaH,PO, 1.25, CaCl, 2, MgCl, 1, so-
dium pyruvate 3 and glucose 10. Following the incubation
period, slices were stored at room temperature in oxygenated
ACSF.

2.3 | Electrophysiological recordings

Individual slices were transferred to a recording cham-
ber and continually perfused with oxygenated ACSF at
a flow rate of 2-3 ml/min, and visualised with a Luigs
and Neumann LN-Scope System (Luigs and Neumann).
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The habenula is easily identifiable under differential
interference contrast microscopy even at low magni-
fication, and hence a 4X objective was used to locate
the lateral habenular nucleus. A 60X objective was then
used to identify suitable cells for whole-cell record-
ings. In the case of transgenic NDNF-IRES-Cre::Ai9,
TdTomato-expressing cells could be selectively visu-
alised with an Olympus XMI10 fluorescent camera
(Olympus, Southend-on-Sea) upon photostimulation
with a blue LED (pE—300“1"a, Cool LED, Andover,
UK). Recordings were made with a Multiclamp 700B
Amplifier (Molecular Devices). Glass micropipettes
were filled with a solution containing (in mM) potas-
sium gluconate 125, HEPES 10, KCI 6, EGTA 0.2,
MgCl, 2, Na-ATP 2, Na-GTP 0.5, sodium phosphocre-
atine 5, and with 0.2% biocytin. pH was adjusted to 7.2
with KOH. For spontaneous current measurement ex-
periments, a reduced chloride intracellular solution was
used consisting of (in mM) potassium gluconate 140,
potassium chloride 2, EGTA 0.2, Hepes 10, NaATP 2,
NaGTP 0.5 and sodium phosphocreatine 5.

Once in whole-cell patch mode, the intrinsic properties
of LHb neurons were assessed in current-clamp configu-
ration using a stepping protocol consisting of 1-s long in-
jections of increasing current (range: —50 to 50 pA; step
size: 10 pA for LHb neurons and —500 to 500 pA; step
size: 100 pA for cortical neurons). Action potential firing
pattern was assessed in response to depolarizing current
injection, while hyperpolarizing current injection allowed
the characterisation of rebound action potential firing of
neurons. Resting membrane potential (RMP) was assessed
by recording the spontaneous activity of each neuron with
no current injection for at least 30 s, while membrane input
resistance was monitored by injecting a small hyperpo-
larizing pulse (100 ms; —10 to —100 pA) and measuring
the voltage change. Spontaneous currents were observed
in voltage clamp at a holding potential of —60 mV. Series
resistance was monitored throughout. All neuronal volt-
age and current signals were low pass filtered at 10 kHz
and acquired at 25 kHz using an ITC-18 digitizer interface
(HEKA, Pfalz). The data acquisition software used was
Axograph X.

2.4 | Optogenetic experiments and
pharmacology

For optogenetic experiments, acute brain slices were pre-
pared from transgenic NDNF-IRES-Cre::Ai32 or PV-
IRES-Cre::Ai32 offspring as above in darkness. Whole-cell
patch configuration was achieved, and neuronal record-
ings were obtained at varying holding potentials as slices
were illuminated with a blue LED pulse (a single pulse
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of 2 ms, power 11.5 mW) to elicit postsynaptic events.
Where required, SR-95531 (2 uM; henceforth referred to as
GABAzine), NBQX (10 uM) or CGP-52432 (10 uM) (all
from Tocris) were washed into the perfusion bath via the
perfusion pump.

2.5 | Immunohistochemistry and
neuronal recovery

Following electrophysiological recordings, slices contain-
ing neurons which had been patched and filled with bio-
cytin were processed as previously described (Wozny &
Williams, 2011). Briefly, slices were fixed overnight in
4% paraformaldehyde (PFA) dissolved in 0.1 M sodium-
based phosphate-buffered saline (PBS). After fixation,
slices were washed 3 X 5 min in 0.1-M PBS, and then
incubated for 1 hr in a blocking solution consisting of 5%
normal goat serum (NGS) and 1% Triton X-100. Slices
were then allowed to incubate on a shaker at room tem-
perature overnight in a primary antibody mixture con-
taining 2.5% NGS and 1% Triton in PBS along with the
required primary antibodies. Rabbit anti-GABA (1/200;
Sigma-Aldrich) was the only primary antibody used
in this study. Upon completion of the primary incuba-
tion step, slices were washed 2 X 5 min in 0.1-M PBS
and incubated for 2-3 hr in a secondary antibody cock-
tail containing the relevant secondary antibodies along
with streptavidin (conjugated to Alexa Fluor 647; 1/500
dilution; Life Technologies), in order to recover neurons
which had been patched and filled with biocytin. The sec-
ondary antibodies used in this study were goat anti-rabbit
conjugated to Alexa Fluor 633 or 647 (1/500 dilution; Life
Technologies) and supplemented with 1% Triton in PBS.
Fluorophores excitable at differing wavelengths were im-
plicated depending on whether the slice expressed YFP
(Ai32 animals) or TdTomato (Ai9 animals) to minimise
crosstalk. Where only neuronal recovery was required,
slices were blocked as above and incubated in a solution
containing streptavidin supplemented with 1% Triton in
PBS. After secondary antibody incubation, slices were
washed for 3 X 5 min in 0.1-M PBS and mounted on glass
slides using Vectashield medium (containing DAPI as re-
quired, Vector Labs) and cover slipped.

2.6 | Intracardial perfusion and
serial sectioning

To prepare tissue for serial sectioning, NDNF-IRES-
Cre::Ai32 (N = 2; P25), NDNF-IRES-Cre::Ai9 (N = 2;
P21) or NPY-hrGFP (N = 2; P23) mice were termi-
nally anaesthetized by subcutaneous injection with an
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overdose cocktail of 50% lidocaine and 50% euthatal.
Once anaesthetized sufficiently to be non-responsive to
noxious tail and toe pinch stimuli, mice were perfused
through the left ventricle with 0.1-M PBS followed by
perfusion with 4% PFA dissolved in PBS. Brains were
then removed and fixed overnight in 4% PFA in PBS,
after which they were cryoprotected in a solution con-
taining 30% (w/v) sucrose in PBS for storage until re-
quired for serial sectioning.

For these experiments, brains were embedded in OCT
compound (VWR, Leicestershire, UK) and sectioned on a
Leica SM2010 R microtome (Leica Biosystems, Newcastle
upon Tyne, UK) at 60—80 um. Upon completion of section-
ing, slices were washed 3 X 5 min in 0.1-M PBS. Where
further staining was required, this was carried out as above
(see immunohistochemistry and neuronal recovery); how-
ever, 0.3% Triton X-100 was used in place of 1% and slices
were incubated overnight in primary antibody cocktails to
minimise tissue damage. Slices were then mounted using
Vectashield medium (Vector Labs, Peterborough, UK) and
cover slipped.

2.7 | Image acquisition and neuronal
reconstructions

For immunohistochemistry-stained sections and biocytin-
filled neurons, mounted sections were scanned on either a
Leica SP5 or SP8 confocal microscope, imaging z-stacks
of each slice at 2- to 4-um steps. Confocal laser excitation
wavelengths (in nm) were 405, 488, 514 and 552. Objectives
used were 10X (dry), 20X (oil immersion), 40X (oil immer-
sion) and 63X (oil immersion) for Leica SP5, or 10x (dry),
20x (dry) and 63X (oil immersion) for SP8. A zoom of up
to 2x was applied as required to occasionally visualise soma
in enhanced detail. Sections were scanned to ensure that all
visible streptavidin-stained cells and their neurites were in-
cluded in the z-stack. 3D reconstructions of neurons were
carried out using NeuTube 3D reconstruction software (Feng
et al., 2015).

2.8 | Analysis of single-cell RNA
sequencing data

The single-cell RNA sequencing data used in this paper
is previously published (Hashikawa et al., 2020) and ac-
cessible via the NCBI Gene Expression Omnibus (GEO
accession number: GSE137478). Information on how lat-
eral habenula neurons were clustered was obtained from
Garret Stuber's lab. Heatmaps showing the gene counts for
neurogliaform cell-relevant genes were generated using
MATLAB.

2.9 | Data analysis

Analysis of electrophysiological recordings was carried out
using Axograph X. Passive intrinsic properties were calcu-
lated as described above, while active intrinsic properties
(action potential initial frequency, amplitude, rise-time and
half-width) were calculated by subtracting the baseline and
then using the event detection feature to analysis the first
action potential elicited in response to a 50-pA depolar-
izing pulse. For optogenetically evoked events, peak size
was measured at various holding potentials. For spontane-
ous current measurements, representative example traces of
postsynaptic currents were first generated, and currents were
detected and measured using the event detection feature.

Image analysis was carried out using ImageJ. Confocal
z-stacks were compressed onto a single image, and
brightness and contrast were occasionally adjusted to en-
hance cellular visualisation. Cell counts were quantified
using the cell-counter plugin. For these experiments,
serial sections containing the whole habenula were im-
aged and analysed from one animal for each strain, and
for remaining animals, every second or third section was
imaged and analysed to allow quantification of mark-
ers with fair representation of the habenular subnuclei.
For fluorescence intensity analysis, mean grey values of
whole cells were measured in ImageJ, and normalised as
relative increase over background. Background was cal-
culated by measuring the mean grey value of an area on
the slide not covered by tissue. Images were then trans-
ferred to PowerPoint (Microsoft), where cells of interest
were marked.

Graphs were generated and statistical analysis was per-
formed using GraphPad Prism 5. Statistical tests used were
as follows: two-tailed unpaired ¢ test for single compari-
sons of passive physiological properties; one-way ANOVA
with Tukey's multiple comparison test for comparison of
physiological properties between multiple groups; two-way
ANOVA with Bonferroni's multiple comparison for assess-
ing relationship between input current and action potential
discharge (f-I analysis), or Fishers' exact test. Once graphs
were generated, they were transferred to PowerPoint 2013 for
formatting and assembly into figures. Statistical significance
thresholds for all tests were as follows: *p < .05; **p < .01;
and ***p < .001. All data are provided as mean + SEM.

3 | RESULTS
3.1 | The LHb contains NDNF-positive
neurons

To test if NDNF or NPY were also selectively expressed by
neuronal subpopulations within the LHb as they are within
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the neocortex (Overstreet-Wadiche & McBain, 2015;
Tasic et al., 2016), we first determined whether LHb neu-
rons did indeed express either of these markers. Sectioned
slices were collected from the brains of NPY-hrGFP mice,
which express GFP in NPY-positive neurons (van den Pol
et al., 2009).

In these slices, while we did observe some sparse fibres
in the LHb, we did not observe any NPY-positive somata
(Figure 1).

Making use of publicly available data from a recently
published single-cell RNA-sequencing study (Hashikawa
et al., 2020), we also sought to identify if any LHb neurons
contained the Npy RNA gene sequence. Interestingly, only
very few cells from control animals did indeed contain the
Npy gene sequence making it difficult to further examine the
co-expression of other genes with Npy. Importantly, none of
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these neurons contained the Ndnf or Lamp5 gene sequences
(data not shown); both known markers of neocortical neurog-
liaform cells (Tasic et al., 2018). However, to reiterate this,
we have not found any fluorescently labelled somata in the
NPY-hrGFP mice (Figure 1).

We next crossed NDNF-IRES-Cre mice with Ai9 reporter
mice, so as to generate NDNF-IRES-Cre::Ai9 offspring
(N = 2), which expressed TdTomato in NDNF-positive neu-
rons (Figure 2a), and imaged NDNF expression in both the so-
matosensory cortex (Figure 2b) and LHb (Figure 2c). Notably,
NDNF was also expressed within the vasculature (Figure 2b,c;
Tasic et al., 2016). While NDNF expression was largely con-
fined to neocortical layer 1 (L1) in these slices, we also ob-
served some expression in deeper cortical layers (Figure 2bi).
Additionally, most (75.8%) but not all NDNF-positive somata
co-localised with GABA (Figure 2bii), consistent with recent
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Absence of NPY-positive neuronal somata within in the LHb. Confocal micrographs of habenular sections from NPY-hrGFP

mice (N = 2) depicting NPY-expression throughout the LHb in the rostral-caudal plane. Rows are labelled with letters ranging from (a) to (b) and
columns from (i) to (iv). Magnified images from (aiii) and (biv) are displayed in row (c). Images are maximum intensity projections of 50-um
tissue. Note that no NPY-positive somata are located within the LHb but are present in the dentate gyrus (marked by arrowheads in, e.g., aiii or bii)
and in the MHD (biv, enlarged in civ). Dense NPY fibres were also observed within the dorsomedial MHb (e.g., bii). Abbreviations: DG, dentate

gyrus; LHb, lateral habenula; MHb, medial habenula
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FIGURE 2 NDNF is expressed by both neocortical and habenular neurons. (a) Schematic illustrating breeding scheme for generating
NDNF-IRES-Cre::Ai9 mice. (bi) Confocal micrograph depicting NDNF-positive neurons in L1 of the somatosensory cortex (arrowheads), but

also a NDNF-positive neuron in the deeper somatosensory cortex which was not immunoreactive for GABA (open arrowhead). (bii) Left: bar

chart quantifying total number of GABA-immunoreactive, and NDNF-positive neurons counted and the number which co-expressed both (Co-

L: co-labelling; N = 2 mice). Right: fraction of neurons expressing both markers as a percentage of GABA-immunoreactive neurons, and as a
percentage of Ndnf-positive neurons. (ci) Confocal micrograph depicting NDNF-positive neurons within the LHb (arrowheads). (cii) Left: Bar
chart quantifying total number of GABA-immunoreactive, and Ndnf-positive neurons counted and the number which co-expressed both (Co-L: co-
labelling; N = 2 mice). Right: Fraction of neurons expressing both markers as a percentage of GABA-immunoreactive neurons, and as a percentage
of NDNF-positive neurons. (di) High-resolution zoom images of the two boxed regions in (ci) depicting a low fluorescence intensity LHb neuron
(left), and a high fluorescence intensity LHb neuron (right). (dii) Plot illustrating distributions of relative fluorescence intensities of NDNF-positive
neurons in both the LHb and L1 of the neocortex. Data are fluorescence values of cells normalised as fold increase over background fluorescence,

and binned to whole number values
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reports that NDNF expression is not entirely confined to L1
neurogliaform cells in the neocortex (Abs et al., 2018; Tasic
et al., 2018). We did observe NDNF-positive somata within the
LHb in slices from NDNF-IRES-Cre::Ai9 and NDNF-IRES-
Cre::Ai32 mice (Figures 2ci and 3, respectively). However,

WILEY-

observed that within the LHb, NDNF-positive neurons ap-
peared to display two broadly different levels of relative flu-
orescence intensity (Figure 2di,dii). The majority (108 of 123;
87.8%) fluoresced relatively weakly (defined as less than a 14-
fold increase in fluorescence intensity over background), while

EJN European Journal of Neuroscience  FENS

only a small subpopulation of these (14.3%) co-localised with
GABA (Figure 2cii), thus indicating that the vast majority of
NDNF-positive LHb neurons are not inhibitory. Of note, we

a smaller population (15 of 123; 12.2%) displayed stronger
fluorescence (greater than a 14-fold increase over background,;
Figure 4dii). In contrast, most L1 NDNF-positive neurons (123

-
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FIGURE 3 Ndnf expression within the habenula. Rostral to caudal serial confocal micrographs illustrating NDNF expression in the
habenula of an NDNF-IRES-Cre::Ai32 mouse. Arrowheads indicate NDNF-positive neurons. Rows are labelled with letters ranging from (a) to
(c) and columns from (i) to (iv). Note row (d) shows higher magnification of NDNF-positive neurons taken from bii, cii — civ (neurons marked
with arrowheads). Abbreviations in (aii): DG, dentate gyrus; LHb, lateral habenula; MHb, medial habenula
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FIGURE 4 The LHb contains neurons with Ndnf RNA expression. (a) Heat map depicting co-expression of Ndnf with genetic markers

of inhibitory and excitatory transmission, and with other molecular markers known to be expressed by neocortical neurogliaform interneurons
(Tasic et al., 2018). Gene expression is represented as the total number of reads for each genetic unique molecular identifier. (b) In situ
hybridisation images taken from the Allen Brain Atlas depicting NDNF-positive neurons in both the LHb (open arrowheads), the adjacent dentate
gyrus for comparison (closed arrowheads). Credit: https://mouse.brain-map.org/experiment/show/72080134

of 149; 82.6%) fell into the higher fluorescence intensity classi- Cre-mediated recombination of TdTomato as

fication (Figure 2dii). an indicator of Ndnf expression does not neces-

sarily indicate the presence of NDNF-positive
neurons in the adult mouse. This may serve as a

promoter gene can lead to full Cre-mediated possible explanation for the apparent differences
recombination (Araki et al., 1995), using

As transient developmental expression of a

in relative fluorescence intensities observed
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within the NDNF-positive neurons in our data
(Figure 2d). Thus, we again referred to the
same previously published adult mouse single-
cell RNA sequencing dataset as we did for the
Npy gene sequence (Hashikawa et al., 2020),
to ask if the adult mouse LHb contained neu-
rons with the Ndnf gene sequence (Figure 4a).
From this dataset, 23 NDNF-positive cells were
identified (Figure 4a). However, none of these
neurons contained gene sequences for Gadl,
Gad?2 or Slc32al (Figure 4a), thus indicating
that they are likely not inhibitory. LHb neurons
were clustered into six different cell types/sub-
clusters: LHb1-6 (Figure 4a); however, NDNF-
positive neurons are found in all subclusters
except LHbS (Hashikawa et al., 2020) indicat-
ing that NDNF does serve as a marker gene for
a specific subgroup of neurons within the LHb.
As additional evidence in support of the exis-
tence of NDNF-positive LHb neurons, we also
searched publicly available in situ hybridisation
data from the Allen Brain Atlas (https://mouse.
brain-map.org/experiment/show/72080134).
Consistently, these images also appeared to
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show NDNF-positive neurons within the LHb
(Figure 4b).

Together with our histological data (Figure 2),
these results indicate that the LHb does indeed
contain NDNF-positive neurons; however,
most, if not all, are not inhibitory neurons.

3.2 | NDNF-positive neurons do not form a
distinct sub-class within the LHb

To gain an insight into the physiological characteristics of
NDNF-positive LHb neurons, we next characterised their
physiological properties in acute slices from NDNF-IRES-
Cre::Ai9 mice (n = 29; N = 5 mice; Figure 5). In two of
these cells, action potential discharge could not be elicited
upon current injection, and hence, we assumed these to be
glial cells and excluded them from further analysis (Tasic
et al., 2016). We assessed passive physiological properties
in the remainder (n = 27) and observed no significant differ-
ence in RMP (Figure 5b; n = 9 from four mice; —54.6 + 1.3
vs. —=55.2 + 1.1; p = .82; two-tailed unpaired 7 test) or input

(a) (b) ns ns
' 1 , f —
NDNF-IRES-Cre  Ai9 (TdTomato) -407 o 2000
) o
éj/ S 501 e3se, . a1500- ..
= -t -io gpigy e
X /% e BIE iy = 1000{ *3 "
= “wt hd vt .
o 701 . 5001 [+3}2 4T
-80 r v 0 T
2 3 % 3
O’l{(\ Q’? 279 O,O
NDNF-IRES- Cre :Ai9 OO %
(c)
250 ms
20 mV

AP initial freq. (Hz)

puf

100 -

80

60

40

20 -=Gen. pop.

. * NDNF_
10 20 30 40

Current injection (pA)

FIGURE 5 NDNF-positive neurons do not form a distinct sub-class within the LHb. (a) Schematic illustrating breeding scheme for generating
NDNF-IRES-Cre::Ai9 mice. (b) Comparison of passive properties of NDNF-positive LHb neurons (n = 27; N = 5 mice) and from the general
population of LHb neurons recorded in C57 mice (n = 9; N = 4 mice). Data are mean + SEM. (c) Comparison of firing frequency of the first
induced action potential versus current injection for both NDNF-positive LHb neurons (n = 23; N = 5 mice) and the general population of LHb
neurons (n = 9; N = 4 mice) recorded in C57 mice. Data are mean + SEM. (d) Schematic illustrating location of patched neurons throughout the
habenular complex. (e) Example traces from a TdTomato-positive neuron in response to current injection. Current steps: —50 and 50 pA; 1-s
duration
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resistance (Figure 5b; 775.9 + 76.5 vs. 600.7 + 88.8; p = .28;
two-tailed unpaired ¢ test) in comparison to recordings from
the general population of neurons in wild-type C57/BL6
mice. We did however observe that NDNF-positive neurons
displayed a lower action potential discharge frequency in re-
sponse to depolarising current injection than general popula-
tion LHb neurons (Figure 5c; p =.0013; F[1, 150] = 10.71;
two-way ANOVA). This was a reflection of the fact that a
smaller proportion of NDNF-positive neurons (4/27; 14.8%)
than general population LHb neurons (3/9; 33.3%) displayed
any bursting behaviour in response to depolarising current
injection (Weiss & Veh, 2011; Yang, Cui, et al., 2018).
Otherwise, however, physiological properties of NDNF-
positive LHb neurons were largely consistent with previously
described LHb neuronal physiologies (Chang & Kim, 2004;
Kim & Chang, 2005; Weiss & Veh, 2011) in that almost all
(n =22 from 24 neurons tested) displayed rebound action po-
tential discharge upon hyperpolarizing current injection, and
a combination of tonic and bursting action potential discharge
upon depolarizing current injection (Figure 5e). We also re-
constructed a subset of these neurons (n = 5) and observed
that all neurons reconstructed exhibited four to six primary

Soma
Dendrite
Axon

dendrites, and a long unbranching axon (Figure 6), there-
fore lacking the characteristic axonal arbour that is a hall-
mark of neocortical neurogliaform cells (Overstreet-Wadiche
& McBain, 2015). Again, these results hence indicate that
Ndnf-positive neurons do not form a distinct subclass of neu-
ron within the LHb.

3.3 | Ndnfis expressed primarily by L1
inhibitory neurons within the neocortex

Having shown that Ndnfis expressed by primarily GAB Aergic
and non-GABAergic neuronal populations in the neocortex
and LHD respectively (Figure 2), we sought to test whether
NDNF-positive neurons mediated primarily inhibitory or ex-
citatory transmission in each region. Hence, we next recorded
photostimulation-induced postsynaptic potentials in L2/3 py-
ramidal neurons in acute slices from NDNF-IRES-Cre::Ai32
(Madisen et al., 2012) mice (Figure 7a; n = 7 neurons; N = 6
mice) in which ChR2-eYFP was expressed in NDNF-positive
neurons, and observed exclusively inhibitory events in five
of seven recorded neurons (Figure 7b,ci). Neurogliaform

FIGURE 6 Anatomical reconstructions from NDNF-positive neurons. Example reconstructions from five NDNF-positive neurons. Note that

each neuron contains an unbranching axon, possibly indicative of a projection neuron
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FIGURE 7 Ndnfis expressed primarily by L1 inhibitory neurons in the somatosensory cortex. (ai) Schematic illustrating breeding scheme
for generating NDNF-IRES-Cre::Ai9 mice. (aii) Schematic of recording scheme. 1.2/3 pyramidal neurons were patched, and blue light was used
to stimulate both local and long-distance NDNF-positive neurons. (b) Pie chart quantifying nature of postsynaptic potentials elicited in response
to photostimulation. n = 7 neurons. (ci) Example traces from a neuron displaying an IPSP in response to photostimulation (cii) Example traces
from a neuron in which an NBQX-sensitive EPSP was unmasked upon application of GABAzine. The leftover GABAg-component was removed
by CGP52432, a selective GABAg receptor antagonist (d) Scatter plots comparing amplitude and kinetics of photostimulation-induced IPSPs in
NDNF-IRES-Cre::Ai32 slices versus. PV-IRES-Cre::Ai32 slices. (e) Left: Confocal micrograph depicting localization of NDNF-positive neurons
in the somatosensory cortex. Right: Zoom-in of the boxed region showing NDNF-positive neurons not located within neocortical L1 (arrowheads)

cells are known to mediate slow inhibition, with IPSPs me-
diated by these neurons having larger GABAy components
than other interneuron subclasses (Price et al., 2005, 2008;
Tamis et al., 2003; Wozny & Williams, 2011). Therefore,
we also expressed ChR2 in PV-positive neurons (termed
PV-IRES-Cre::Ai32 mice) and compared L2/3 pyramidal
neuron IPSPs in NDNF-IRES-Cre::Ai32 slices to those in
PV-IRES-Cre::Ai32 slices (Figure 7d; n = 7 neurons; N = 6
mice) upon photostimulation. Consistently, we observed
large IPSPs with comparable amplitude (—6.3 + 0.9 mV vs.

—5.1 + 0.5 mV for NDNF- vs. PV-positive neurons; p = .29;
two-tailed unpaired ¢ test) in both lines, but with slower ki-
netics (rise time 23.5 +£ 2.7 ms vs. 11.1 £ 1.3 ms; p = .001;
half-width 414.6 + 39.1 ms vs. 146.0 + 27.6 ms; p = .0001;
decay 787.4 + 51.9 ms vs. 361.3 + 32.8 ms; p < .0001 for
NDNF- vs. PV-positive neurons respectively; two-tailed un-
paired ¢ test) in the NDNF-IRES-Cre::Ai32 slices (Figure 7d)
indicative of a large GABAy component. Interestingly, in
two neurons from NDNF-IRES-Cre::Ai32 slices, GABA,
and GABAy blockade unmasked a small AMPA-mediated
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excitatory component (Figure 7cii). As with the NDNF-
IRES-Cre::Ai9 line, post hoc confocal imaging of these
slices also revealed some NDNF-positive somata outside of
L1 (Figure 2e), hence confirming findings from recent re-
ports (Abs et al., 2018; Tasic et al., 2016, 2018) that Ndnf
is largely, but not exclusively, confined to neocortical L1
inhibitory neurons; which based on the slow GABAj sig-
nalling they mediate (Figure 7c,d), are presumably neuro-
gliaform cells (Olah et al., 2009; Tamas et al., 2003; Wozny
& Williams, 2011).

3.4 | NDNF-positive neurons mediate
primarily excitatory transmission
within the LHb

Finally, to examine whether Ndnf-positive axonal fibres
elicit excitatory or inhibitory transmission within the LHb,
we recorded from LHb neurons in slices from NDNF-IRES-
Cre::Ai32 mice while photostimulating NDNF-positive neu-
rons (Figure 8a; n = 21 neurons from six mice). In the LHb,
most responsive neurons (7 = 5 of 6) displayed a solely excit-
atory postsynaptic potential (Figure 8b,ci), while one neuron
displayed a postsynaptic potential with both an NBQX-
sensitive excitatory component and a GABAzine-sensitive
inhibitory component (Figure 8cii). These responses were
spread fairly evenly throughout the LHb (Figure 8d), con-
sistent with confocal imaging of serial coronal sections
from NDNF-IRES-Cre::Ai32 mice (N = 2), in that both
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NDNF-positive fibres and somata were dispersed evenly
throughout the LHb (Figure 3). Altogether, these results sug-
gest that while NDNF is largely confined to L1 inhibitory
neurons within the neocortex which are presumably neuro-
gliaform cells, we find that within the LHb, NDNF is not
expressed selectively by any subclass of LHb neuron.

4 | DISCUSSION

Consistent with recent reports (Abs et al., 2018; Tasic
etal., 2016, 2018), we find that Ndnfis expressed mostly, but
not exclusively, by inhibitory L1 neurons within the neocor-
tex. However, within the LHb we report that Ndnf does not
act as a selective marker for any subpopulation of inhibitory
neuron and instead report that the majority of input to LHb
neurons from NDNF-positive neurons is excitatory.

4.1 | An absence of markers for studying the
role of neurogliaform cells in the LHb

Selective markers for studying the role of inhibitory neu-
rogliaform cells in cortical circuits have been sparse
(Overstreet-Wadiche & McBain, 2015), and we thus
sought to validate the use of Ndnf as such a marker in the
somatosensory cortex (Tasic et al., 2016). Our results are
consistent with other recent reports (Abs et al., 2018; Tasic
et al., 2018) in that we find Ndnf to be mostly, but not

(d)
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FIGURE 8 NDNF-positive neurons mediate primarily excitatory transmission within the LHb. (ai) Schematic illustrating breeding scheme

for generating NDNF-IRES-Cre::Ai32 mice. (aii) Schematic of recording scheme. LHb neurons were patched and blue light was used to stimulate

both local and long-distance NDNF-positive neurons. (b) Pie chart quantifying fraction of neurons responsive to photostimulation, and the nature

of those responses. (ci) Example traces from two separate neurons in which photostimulation elicited a response with both an NBQX-sensitive

excitatory component, and a GABAzine-sensitive inhibitory component (cii) Example traces from a neuron in which photostimulation elicited an

excitatory response (bottom). (d) Schematic illustrating locations of patched neurons within the habenular complex, projected rostrally (top left)

through caudally (bottom right). Non-responsive neurons are indicated by—(grey bar), while responsive neurons are indicated by + EPSP only

(green plus); + dual response (light blue plus)
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exclusively, confined to inhibitory neurons which mediate
inhibitory transmission through both GABA, and GABAg
receptors (Figures 2 and 7). In contrast, we find no such
evidence in the LHb (Figures 2, 4 and 8). Consistently, we
observed no neuronal somata positive for NPY (Figure 1).
Therefore, our results do not support the notion of the ex-
istence of neurogliaform cells within the LHb (Wagner
etal., 2016; Weiss & Veh, 2011), or at least not those with
similar molecular marker expression to those described in
the neocortex (Abs et al., 2018; Tasic et al., 2016, 2018).
However, these previous works were carried out in rat;
hence, we cannot exclude that this discrepancy is simply a
species difference. Therefore, while it is therefore possible
that neurogliaform cells are present within the mouse LHb,
we conclude that neither Ndnf nor Npy can be used as a
marker to study them.

4.2 | The association between molecular
marker expression and neuronal classification

This lack of neurogliaform cell specificity of Ndnf and Npy
in the LHb is in contrast to the neocortex (Abs et al., 2018;
Overstreet-Wadiche & McBain, 2015; Tasic et al., 2016,
2018; Tricoire et al., 2010). This then raises an interesting
point of discussion regarding whether a neuron can truly be
classified into a distinct subpopulation based on gene ex-
pression. Indeed, molecular marker expression has classi-
cally been thought of as one of the key criteria for defining
populations of interneurons (Ascoli et al., 2008). However,
the presence of these neurons within the LHb has previously
been proposed based on a similar morphological and physio-
logical profile to those in the neocortex (Wagner et al., 2016;
Weiss & Veh, 2011). Therefore, if the genetic profile of such
a neuron were to be entirely different to its neocortical coun-
terpart, one could argue that it may be an entirely different
subpopulation of neuron. This can be complicated further by
the matter that there is still debate as to the criteria by which
neurogliaform cells can be differentiated from other L1 neu-
rons within the neocortex (Schuman et al., 2019). Therefore,
a clearer definition of these neurons is still required, as are
more selective markers. Meeting these conditions will per-
mit studying the circuitry and function of these neurons in
far greater detail both within the neocortex and the LHb, and
perhaps future work may reveal that these proposed LHb
neurogliaform cells are in fact an entirely novel subclass of
inhibitory neuron altogether.

5 | CONCLUSIONS

We have investigated the physiological and histological
properties of NDNF-positive neurons within the neocortex
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and LHb and characterised the nature of transmission medi-
ated by these neurons in each region. While we report that
Ndnf is largely confined to L1 inhibitory neurons within the
neocortex, we find no such evidence within the LHb, finding
instead that Ndnf is expressed largely without restriction to
a particular subclass of neuron. These results hence indicate
that molecular markers can represent broadly diverse popula-
tions of neurons on a region-to-region basis, and therefore,
these populations must be validated in each region.
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