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Abstract

Acetylcholine (ACh)is a neurotransmitter used for a variety of functions including
muscle contraction and neurotransmission between neurons in the brain. Choline
acetyltransferase (ChAT) is an enzyme that synthesizes ACh. Using a genetically
modified mouse line (ChATcre::ChR2-YFP) allows us to visualize ChAT expression in
brain regions due to the co-expression of yellow fluorescent protein (YFP). The dorsal
subiculum expressed YFP fluorescence in adult mice, suggesting that this brain region
is cholinergic despite previous research claiming otherwise. Using confocal microscopy,
this study characterized YFP expression within the dorsal subiculum coupled with ChAT
immunolabelling to examine whether this brain region contains cholinergic neurons.
Brain sections from six ChATcre::ChR2-YFP mice between 59-95 days old of both
sexes were examined. To validate correct YFP expression and ChAT labelling in other
brain regions known to contain cholinergic neurons, we immunolabelled and quantified
ChAT and YFP positive neurons in the primary visual cortex, the striatum, and medial
habenula. We confirmed high YFP and ChAT co-expression from these brain regions. In
the dorsal subiculum, we imaged YFP neurons, ChAT immunolabelled neurons, and
NeuroTrace labelled neurons. Based on our results, the dorsal subiculum contained
very few ChAT positive cholinergic neurons and is therefore non-cholinergic. Despite
this, the sparse ChAT-labelling colocalized with YFP expression while the majority of
YFP labelled cells did not co-express ChAT immunolabelling, suggesting that ChAT
may have been presentin the dorsal subiculum prior to adulthood. Future work should
examine the subiculum during development to see if ChAT-labelling fully colocalizes

with YFP expression.
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1.0 Introduction

1.1 What is acetylcholine?

Acetylcholine (ACh) is an excitatory neurotransmitter that is involved in neural
signalling in the brain and initiates skeletal muscular contraction at the neuromuscular
junction. Itis synthesized by choline acetyltransferase (ChAT), an enzyme that
catalyzes the reaction between choline and acetyl CoA (Sam and Bordoni, 2023).
Choline is abundantin the body from the liver or foods like egg yolks or legumes,
whereas acetyl CoA can be synthesized from mitochondrial activity (Sam and Bordoni,
2023). ChAT is initially produced in the soma before being transported towards axon
termini, thus allowing ACh to be synthesized and shuttled into vesicles near the
presynaptic terminal via vesicular ACh transporters (Sam and Bordoni, 2023).
Acetylcholinesterase degrades ACh at the synaptic cleft, thus removing excess ACh

and preventing prolonged activation of ACh receptors (Sam and Bordoni, 2023).

1.2 Acetlylcholine receptors

ACh mediates neuronal signalling by binding to muscarinic or nicotinic receptors
(Sam and Bordoni, 2023). Nicotinic acetylcholine receptors (nAChR), named due to
being activated selectively by the exogenous nicotine and the endogenous ACh, are
ionotropic in nature and allow ions to flow through when activated. Neuronal nAChR
consist of a and 3 subunits, whereas muscular nAChR have y and & (for fetuses) or €
(for adults) subunits (Sam and Bordoni, 2023). Neuronal a subunits consist of a2-a7,
a9, and a10, whereas neuronal 3 subunits are made up of B2- 4 (Dani, 2016). a8
subunits are only found in birds. The most common nAChR subtypes are a432 and a7.
When ACh binds to the a subunits, the receptor configuration changes to allow sodium,
potassium, and calcium through the plasma membrane (Sam and Bordoni, 2023). The
movement of sodium across the membrane depolarizes the cell, which can rapidly
transmit information in the form of action potentials (Sam and Bordoni, 2023). The
mouse dorsal subiculum, the area of interest for this study, expresses genes encoding
al, a2, a4, a7 and B2 subunits (Allen Brain Atlas, n.d.).



Muscarinic ACh receptors are activated by muscarine and ACh and signal via G
protein coupled receptors (Sam and Bordoni, 2023). Attached to these receptors are
heterotrimeric G proteins, consisting of Gagy. Once ACh is bound, Ga exchanges
guanine diphosphate (GDP) for guanine triphosphate (GTP), causing it to dissociate
from Ggiy and the receptor, leading to various downstream effects (Sam and Bordoni,
2023). Muscarinic receptor subtypes M1, M3, and M5 activate phospholipase C,
eventually leading to elevated intracellular calcium which is released from intracellular
stores via IP3 receptors (Sam and Bordoni, 2023). Muscarinic receptors M2 and M4
inhibit adenylate cyclase, which is responsible for turning adenosine triphosphate into
cyclic adenosine monophosphate (CAMP) (Sam and Bordoni, 2023). Calcium and cAMP
have diverse physiological effects within the cell, including vasodilation and muscle
contraction, which can thus be regulated through muscarinic receptors (Sam and
Bordoni, 2023). While M1-4 are all found in the central nervous system, they can also
appear on various organs (Sam and Bordoni, 2023). According to the Allen Brain Atlas,
the mouse dorsal subiculum expresses genes that encode muscarinic receptor
subtypes M1-4 (n.d.).

1.3 Acetylcholine functions and expression

ACh acts on many systems in the body. It is the primary messenger used in the
autonomic nervous system, impacting the preganglionic sympathetic and
parasympathetic nervous system, as well as the postganglionic parasympathetic
nervous system (Sam and Bordoni, 2023). Additionally, ACh is responsible for activating
voluntary skeletal muscle contractions and is released by motor neurons in the ventral
spinal cord gray matter and cranial nuclei in the brainstem. Within the central nervous
system, it can be used for tasks related to memory, motivation, arousal, and attention in
various brain regions (Sam & Bordoni, 2023). When exposed to cholinergic antagonists,
these processes have been shown to be affected (Broks et al., 1988; Klinkenberg &
Blokland, 2010).



Within the mammalian brain, there are many regions that use ACh for a variety of
functions. Such regions include the striatum, medial habenula, pedunculopontine
tegmental nucleus (PPT), laterodorsal tegmental nucleus (LTN), and basal forebrain
(Figure 1 & 2) (Woolf, 1991). Cholinergic neurons in the medial habenula project to the
interpeduncular nucleus and have been shown to play a role in non-REM sleep,
nicotine-withdrawal symptoms, and possibly reward and addictive behaviour (Haun et
al., 1992; Salas et al., 2009; Sandyk, 1991). The striatum is known for its role in
movement, and imbalances in cholinergic and dopaminergic activity can cause
Parkinson’s disease (Aosaki et al., 2010; Calabresi et al., 2006). Both the PPT and the
LTN project to the thalamus, tectum, substantia nigra, basal forebrain, basal ganglia,
raphe nuclei, locus coeruleus, sensory cranial nerve nuclei, pons, and deep cerebellar
nuclei, with PPT also projecting to the reticular formation (Woolf, 1991). With its
projections to the substantia nigra pars compacta (among other regions), the PPT is
believed to play a role in reversal learning (Ruan et al., 2022). The LTN also projects
onto dopaminergic neurons in the ventral tegmental area which modulates reward-
related behaviours (Coimbra et al., 2021). The basal forebrain contains cholinergic
projection neurons, which innervate neurons in the prefrontal cortices, hippocampi,
subicular complex, and amygdala, among other areas. The basal forebrain regulates
attention and memory (Eickhoff et al., 2022; Woolf 1991). Alterations in ACh and
cholinergicinnervation have been found to be prominent in various psychotic disorders
and neurological conditions, such as schizophrenia and Alzheimer’s disease (Eickhoff ef
al., 2022; Huang et al., 2022). Because ACh is prominentthroughout the body, studying
regions that use ACh is important to understand theirrole in health and diseases and to

better devise strategies to mitigate their symptoms.
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Figure 1. Coronal view of various brain regions and their corresponding sagittal
location. Coronal brain sections adapted from the Allen Brain Atlas (n.d.). Certain assets

created using BioRender.com.
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Figure 2. Cholinergic projection systems in the mouse brain. Figure adapted from
Villano et al. (2017).

Using a transgenic mouse line, particularly ChATcre::ChR2-YFP, itis possible to
visualize cholinergic neurons throughout the brain (Figure 3). Whenever ChAT is
expressed, cre-recombinase is synthesized which allows channelrhodopsin-2 (ChR2)
and yellow fluorescent protein (YFP) to be expressed via the Cre-lox system. When
excited by blue light, YFP emits wavelengths between 521-550 nm peaking at 528 nm
(Thermofisher Scientific, n.d.; Lumencor, 2021). By using this transgenic mouse line, it

is possible to visualize ChAT expression within neurons and neuropil.
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Figure 3. Creation of ChATcre::ChR2-YFP transgenic mouse line by breeding ChATcre

loxP

ChR2-YFP

and ChR2-YFP transgenic mice. Certain assets created using BioRender.com.

A study by a previous Honour student in the Nashmi Lab found that YFP is
expressed in the dorsal subiculum, which would suggest that the subiculum is
cholinergic (unpublished data). However, it was not clear whether YFP was expressed

in neuronal cell bodies or in long range projection afferents from remote brain regions.

1.4 What is the subiculum?

In the mouse, the subiculum is located approximately within -2.8 to -4.5 mm
relative to bregma and resides near the hippocampus (Franklin & Paxinos, 2008). Itis

part of the subicular complex alongside the presubiculum, parasubiculum, and



postsubiculum’ (Aggleton & Christiansen, 2015). Anteriorly, the subiculum is divided
into dorsal and ventral components, each containing a pyramidal layer, molecular layer,
and stratum radiatum (Allen Brain Atlas, n.d.). Due to its proximity and shared
connectivity, the subiculum was believed to support the hippocampus in its general
functions (Aggleton & Christiansen, 2015). Despite receiving the majority of its inputs
from dense CA1 hippocampal pyramidal neurons, the subiculum projects to many of the
same areas as the hippocampus, including the retrosplenial cortex, midline thalamic
nuclei, hypothalamus, and postrhinal cortex, to name a few, and even to areas where
the hippocampus does not reach, like the anterior thalamic nuclei and mamillary bodies
(Aggleton & Christiansen, 2015). It can even regulate hippocampal activity through its
projections to the entorhinal cortex and CA1 field (Commins et al., 2002). The
subiculum is believed to contribute towards memory and learning through its projection
to the medial diencephalon and anterior thalamic nuclei (Aggleton & Christiansen, 2015;
Barnett et al., 2021).

1.5 Cholinergic neurons in the subiculum

Although the subiculumis innervated by medial septal and vertical diagonal band
ChAT fibers of the basal forebrain, it is not believed to be cholinergic itself (Woolf,
1991). Despite this, strong YFP fluorescence was shown to be expressed in the dorsal
subiculum in ChATcre::ChR2-YFP mice from a previous study in the Nashmi lab
(unpublished data), which suggests that cholinergic neurons may also be expressed.
There are a few possibilities available to explain the inconsistency between the scientific

literature and the results found in our lab.

One possibility is that the subiculumis cholinergic and has been overlooked in its
inherent characteristics by the scientific community. Anotheroption is that the subiculum
is nota cholinergic nucleus but receives heavy cholinergic innervation originating from

other brain regions. A third possibility is that the subiculum is non-cholinergic and that

1 The postsubiculum is part of the rodent subicular complex and is sometimes considered as the
presubiculum. Primates only have the presubiculum, parasubiculum, and subiculum (Aggleton &
Christiansen, 2015).



our ChATcre::ChR2-YFP transgenic mouse line is ectopically expressing YFP in regions
that do not express ChAT. To determine whether cholinergic neurons are presentin the
subiculum and to what degree, this study will examine ChAT-expression using
immunohistochemistry on the dorsal subiculum. Additionally, we will be examining the
striatum, medial habenula, and primary visual cortex (V1B) as they have been

previously shown to be cholinergic (Woolf, 1991).

Previous studies in our lab using goat antibodies directed to ChAT have shown
ChAT labelling in the medial habenula, V1B, and striatum, but it has yetto be seen if it
will be similar in the subiculum. To this end, we will compare goat and rabbit antibodies
to see which is the most reliable for visualizing ChAT neurons. Following this, we will
image and calculate the density of cholinergic neurons in the dorsal subiculum and
compare it with the subiculum’s overall neuronal density using NeuroTrace (NT) to
visualize all cell bodies present. Furthermore, we will also find the cholinergic density of
the V1B, and the amount of colocalization between ChAT and YFP cell bodies in the
striatum to determine if ChAT cell body quantification is consistent with YFP expression
in this region. Based on ChAT-labelling, the dorsal subiculum will be considered
cholinergicifitcontains a cluster of numerous ChAT labelled neuronal cell bodies which

should be co-expressed with the YFP-containing neurons.

1.6 Objectives and hypotheses

The objective of this study is to determine whether the mouse dorsal subiculum
expresses cholinergic cell bodies. To this end, | compared the expression of cell bodies
labelled by YFP and ChAT in regions known to be cholinergic. This includes the
striatum, medial habenula,and V1B, in addition to the dorsal subiculum. My hypothesis
is that brain regions marked by ChAT antibodies will colocalize with areas expressing
YFP. Additionally, | compared the number of ChAT neurons in V1B with the number of
YFP neurons expressed, as well as seeing what fraction of cell bodies colocalize in the
striatum. | also imaged the dorsal subiculum directly to see the difference between
ChAT and YFP expression. To get a better sense of how many neurons in the dorsal

subiculum are cholinergic, | found the overall number of neurons present and compared



it with the number of cell bodies immunolabelled with ChAT. Assuming the dorsal
subiculum is cholinergic, we should see a similar number of cell body clusters in YFP

and ChAT labelled neurons.



2.0 Materials and Methods

2.1 Brain collection

All experiments were performed according to an animal protocol (AE-24-020)
approved by the animal care committee at the University of Victoria and in accordance
with the Canadian Council of Animal Care Guidelines. We used ChATcre::ChR2-YFP
knock-in mice, which is a cross between the ChATcre mouse line (JAX# 031661) and
the ChR2-YFP mouse line (JAX# 024109), and bred to homozygosity for both genes.
We collected brains from six adult ChATcre::ChR2-YFP mice between 59 and 95 days
old. Two of the ChATcre::ChR2-YFP mice were female, whereas the rest were male.
While under deep isoflurane anesthesia (Fresenius Kabi), ChATcre::ChR2-YFP
transgenic mice were perfused intracardially with phosphate-buffered saline (PBS) (8 g
NaCl, 1.44 g Na2HPOa4, 0.2 g KCI, 0.24 g KH2PO4, diluted in ddH20, pH 7.6) and 4%
paraformaldehyde (PFA) diluted in PBS (Electron Microscopy Science) prior to brain
removal to preserve the brain for slicing and imaging. Once perfused, the brain was
removed, refrigerated at 4°C, and immersed in 4% PFA overnight while wrapped in
aluminum foil to prevent photobleaching fluorescent proteins. Brains were immersed in

PBS the following day until further use.

Table 1. Mouse ID, age, sex, and position relative to bregma used to quantify
cholinergic neurons in the dorsal subiculum.

Mouse ID Age (days) Sex Bregma?
(mm)
ChATcre::ChR2-YFP-1 70 M -3.8 &-3.28
ChATcre::ChR2-YFP-2 95 M -3.52
ChATcre::ChR2-YFP-3 95 M -2.92
ChATcre::ChR2-YFP-4 95 M -3.28
ChATcre::ChR2-YFP-5 62 F -3.52
ChATcre::ChR2-YFP-6 59 F -3.52 & -3.64

2 These bregma positions are only considering those that were used to quantify ChAT neurons in the
dorsal subiculum.
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2.2 Slicing

Prior to slicing, part of the cerebellum and frontal lobe were removed to provide a
stable surface for the brain to sit uprightand to reduce the distance to the targeted brain
regions. Brains were immersed in 3% agar solution (diluted in ddH20) and glued onto
the stage of a Vibratome Series 1000 Sectioning System (Technical Products
International). The vibratome was set to an amplitude of 0.4 mm and a speed of 2
mm/s. Brains were sliced coronally at a thickness of 200 um. Slices of the striatum,
medial habenula, and dorsal subiculum were collected between +1.1 to +0.38 mm, -1.2
to -1.8 mm, and -2.8 to -3.8 mm relative to bregma, respectively. Slices were immersed
in glycerol antifreeze solution (0.69 g Na2HPOs4, 0.39 g NaH2PO4, 100 mL ddH20, 75
mL ethylene glycol, 75 mL glycerol, pH 7.5) and stored at -18 °C until further use.

2.3 Immunohistochemistry

Brain slices were rinsed three times with PBS whilst on a Labline 3520 Orbital
Shaker (Hyland Scientific) for 10 min each. Once PBS was removed, 250 pL of 0.25%
Triton X-100 solution (diluted in PBS) was added to each slice for 10 min. Slices were
again rinsed with PBS three times for 10 min to remove the Triton X-100 solution. 250
ML of 10% donkey serum (Jackson ImmunoResearch, cat #017-000-121) diluted in PBS
was applied for 30 min followed by 250 uL of 1:250 primary antibody solution in 3%
donkey serum (diluted in PBS) and left on the shaker overnight. Slices were then rinsed
three times with PBS for 10 min each to remove primary antibody solution and applied
with 250 yL of 1:500 secondary antibody solution in 3% donkey serum (diluted in PBS).
After being left overnight, slices were rinsed with PBS three times for 10 min before
being mounted onto a labelled Superfrost Plus microscope slide. PBS was evaporated
at 37 °C using a Fisher Isotemp Mechanical Convection oven model 350D (Thermo
Fisher Scientific), then slices were immersed in Immu-Mount (pH 8.0-8.5) (Epredia) and
a cover slip was applied. Parafilm was used to hold the cover slip in place while the

Immu-Mount dried, and was later sealed with nail polish to preserve slices.
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Goat-anti-ChAT (Millipore, cat #AB144P) and donkey-CY 5-anti-goat were used
to label ChAT neurons and were compared to rabbit-anti-ChAT (abcam, cat #ab178850)
and donkey-CY 5-anti-rabbit. Subicular cell bodies were labeled with NeuroTrace
435/455 Blue Fluorescent Nissl Stain (Thermo Fisher Scientific, cat #N21479) using a

similar method as described above, but with the use of a Nissl stain.

2.4 Confocal imaging

Following immunohistochemistry, cover-slipped brain sections were examined
using a Nikon C1-si confocal system attached to a Nikon Eclipse Ti-E inverted
microscope using EZ-C1 acquisition software. Images were taken using a Nikon Plan
Fluor 10X (0.3 NA), a Nikon Plan Apo 20X (0.75 NA), and a Nikon Plan Apo 60X (1.4
NA) objectives. Acquired images were averaged over 5 sweeps for a single optically
sectioned image and an average of 3 sweeps per optical section in a z-stack of images.
The pinhole was set at either small (30 um diameter) or medium (60 um diameter); the
spectral gain was set to 220; the digital resolution of the image was taken at 1024 x
1024 pixels; and a 1 uym step size was set when imaging a z-stack. NT was excited with
a diode laser emitting at 405 nm wavelength and fluorescence was collected between
451 nm and 551 nm. The CY5-anti-goat secondary antibody was excited using a 640
nm diode laser and emission fluorescence was collected between 650 nm and 750 nm.
YFP was excited with the 488 nm wavelength line of an argon laser and the
fluorescence emission was collected between 511 nm and 611 nm. The brain regions
imaged included the dorsal subiculum, V1B, medial habenula, and striatum. NT-labelled
images were spectrally unmixed using a spectral unmixing algorithm in the Nikon EZ-C1
software and reference spectra of EYFP and NT. In confocal images from brain sections

with YFP and CY5-fluorescentlabels, each fluorescent label was spectrally segmented.

2.5 Data analysis

Images were analyzed using Imaged (Schneider et al., 2012). A Gaussian Blur
was applied (sigma radius = 2.00 ym) to smooth edges and make identifying neurons
easier in the next steps. The Subtract Background function (Rolling Ball radius = 25.0

pixels) was used to remove background noise and create a consistent background to

12



apply a threshold to further separate labelled structures from background noise based
on pixel intensity. An Isodata threshold algorithm was applied to NT-labelled neurons.
Imaged’s Watershed function was applied to better estimate actual neuronal size from
the provided threshold. From there, Analyze Particles was applied to automatically
countthe number and size of neurons obtained from the threshold in a selected area.
Shapes created by the threshold were only considered if they were greater than 80 um?
in area for NT-labelled slices. The estimated number of neurons within a z-stack was
calculated by dividing the total volume of thresholded NT labelling in the entire stack
divided by the average volume of a single neuron(on the assumption that the neuron is
a perfect sphere), The average volume of a neuron was estimated by determining from
each z stack the average cross sectional area of NT labelled cells. Then assuming a
spherical shape for a cell, the radius was calculated and from this the average volume
of an NT labelled cell was calculated. Neuronal density was found by dividing the
calculated number of neurons in a stack by the volume of the selected area. In cases
where neuronal density was minimal, such as ChAT immunolabelled neurons in the
dorsal subiculum, the cell bodies were instead counted manually. Data was graphed in
RStudio (Posit Team, 2026). All figures were made using Inkscape (Inkscape Project,
2026).

13



3.0 Results

3.1 YFP expression in the subiculum

As shown in Figure 4, the dorsal subiculum was found to prominently express
YFP along with the supramammillary nucleus, commonly known to contain ChAT cells,
and the fasciculus retroflexus, a bundle of cholinergic fibres that project from the medial
habenulato the interpeduncular nucleus (Woolf, 1991). Examining YFP expression with
a greater objective lens shows cell bodies alongside subcellular structures, including
axons and dendrites (Figures 5, 6, & 7). Axons appear to be thin in appearance and
contain en passant synaptic boutons, as shown by the sparse dots along their axons
that resembles beads on a string (Figure 6). Dendrites are thicker and have dendritic
spines, which appear as tiny dots along their length (Figure 7). These structures appear

uniformly throughout the dorsal subiculum.

Dorsal Subiculum

Fasciculus Retroflexus

® & Supramammillary Nucleus

-

Figure 4. Coronal view of the ChATcre::ChR2-YFP mouse midbrain. Area within the
white dotted box is the dorsal subiculum. Montage created with a 10X objective lens.
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Figure 5. YFP expression in the dorsal subiculum with a 20X objective lens with a field
of view of 636.5 ym x 636.5 uym (A) and 152.76 um x 152.76 ym (B). White arrows

show cell bodies, blue arrows represent dendrites, and red arrows point towards axons.

3.2 Morphology of subicular neurons

Examining YFP subicular expression in greater detail, various neuropil can be
seen using a 20X or 60X objective. In particular, dendrites and axons are found in great
detail (Figures 5, 6, & 7). Axons can be identified from their thin widths (~1 nm wide)
(Muzio et al., 2022), whereas dendrites are characterized by their thick widths (~2.7 pm
wide) which taper off (~ 0.5 um wide) (Barlett & Banker, 1984). Along the fine axons,
various swellings resembling en passant synaptic boutons can be seen (Figure 6).
Dendritic spines are present along dendrites and act as the post-synaptic surface to

receive innervation (Figure 7).

15



Figure 6. En passant presynaptic boutons visualized with YFP in the dorsal subiculum.
Image taken with a 20X objective lens with a field of zoom of 150.6 um x 150.6 um (A1),
and a 60X objective lens at a field of zoom of 99.9 ym x 99.9 ym (A2). Original images

were enlarged to better display axons (B). White arrows show synaptic boutons. Image
contrast increased to better visualize axon and synaptic boutons. Figure created using a

z-stack maximum intensity projection with a depth of 5 ym (1) and 6 um (2).
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Figure 7. Dendrites and dendritic spines visualized with YFP in the dorsal subiculum.
Images were taken with a 20X objective lens with a field of zoom of 150.6 pm x 150.6
pgm (1), and a 60X objective lens at 99.9 ym x 99.9 um (2 & 3). Original images were
enlarged to better display dendrites (B). White arrows show dendritic spines. Figure
created using a z-stack maximum intensity projection with a depth of 5 ym (1), 16 pm
(2), and 1 uym (3).
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3.3 Testing goat vs rabbit antibodies

To ensure that ChAT-labelling was accurate, goat and rabbit primary antibodies
were compared in the dorsal subiculum. Both rabbit-anti-ChAT and goat-anti-ChAT
labelled similar numbers of cell bodies within the dorsal subiculum (Figure 8), with goat-
anti-ChAT managing to label more substructures. Due to its slightly superior labelling of
neuropil, goat-anti-ChAT was used for future quantification of cell bodies. Thus,
cholinergic neurons would be quantified using goat-anti-ChAT in the dorsal subiculum
and the V1B. Despite the slight differences in labelling, both could realistically be used
to examine subicular cell bodies. While examining known cholinergic-positive regions in
the brain, ChAT-labelling seems to match YFP expression (Figure 9). While the medial
habenulais densely packed with cholinergic neurons which makes identifying individual
cell bodies difficult, the overall shape of the ChAT-labelled brain region seems to match
those visualized with YFP. The striatum, in comparison, has many clearly visible cell
bodies which can be differentiated. Most ChAT-labelled YFP neuronsin the striatum are
found to colocalize with a cell body visualized by YFP. Since the V1B has few
cholinergic neurons, itis much easier and quicker to identify cell bodies. Both YFP and

ChAT seem to colocalize in V1B.
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Figure 8. Rabbit-anti-ChAT (A2) and goat-anti-ChAT (B2) immunolabelling in the dorsal
subiculum compared with YFP expression (1). Images were taken with a 20X objective

lens with a field of view of 636.5 ym x 636.5 ym.
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Figure 9. YFP expression (1) and ChAT labelling (2) in the medial habenula (A),

striatum (B), and V1B (C). White arrows show overlapping cell bodies. Images taken

with a 20X objective lens with a field of view of 636.5 ym x 636.5 pm.

3.4 Cell quantification

NT labelling in the dorsal subiculum produced adequate staining of subicular
neurons (Figure 10). Quantification of the dorsal subiculum and V1B can be found in
Table 2. The average number of NT-labelled cell bodies was found to be 375 (£16)
within the dorsal subiculum (n = 11 hemispheres from six mice). The average density
was found to be 99,940 (+1,478) neurons per mm3. Using the area of the pyramidal
layer of the dorsal subiculum (where most cell bodies seemed to be located) from the
Allen Brain Atlas (n.d.) and Simpson’s Rule, the dorsal subiculum was found to have an
approximate volume of 0.49 mm3. With this volume and the density of NT-labelled

neurons, the dorsal subiculum should contain 48,487 neurons, overall.
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Figure 10. YFP (A) and NT co-expression (B) in the dorsal subiculum. Single frame

images were taken with a 20X objective lens with a field of view of 636.5 ym x 636.5

pm.
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Table 2. Quantification of NT and ChAT in the dorsal subiculum, and YFP and ChAT in

V1B. NT results were automatically quantified using ImageJ, whereas YFP and ChAT

labelling in V1B and dorsal subiculum were manually counted. Each field of view was

636.5 pm x 636.5 pm.

NT-labelling | ChAT-labelling ChAT- YFP-
(dorsal (dorsal labelling labelling
Subiculum) Subiculum) (V1B) (V1B)
Average Neuron 374.6 4.8 321 39.0
Count
Standard Error 16.0 0.2 1.3 1.1
Average Density 99,940.7 885.2 4,535.3 5,536.4
(Neurons/mm?3)
Standard Error 1,477.7 43.3 186.3 174.5
Range of Depths 10to 34.5 25 to 32* 28 to 32 28 to 32
of z-stacks Imaged
(um)
Number of 11 12 8 8
Hemispheres
Number of Mice 6 6 4 4

*One hemisphere only measured 14 um of a z-stack.

In comparison, the average number of cholinergic neurons within the dorsal

subiculum (Figure 11) was found to be 5 (+0.23) neurons with a density of 885 (£43)

neurons per mm?3 (n = 12 hemispheres from 6 mice). Using the volume calculated

above, the dorsal subiculum should contain 429 cholinergic neurons, making up

approximately 0.89% of all neurons within the dorsal subiculum. Despite the
overwhelming number of neurons expressing YFP, too few ChAT-labelled neurons are
present to consider the dorsal subiculum cholinergic. Interestingly, the ChAT-labelled
neurons thatare presenttend to colocalize with YFP cell bodies, suggesting that YFP is

not randomly expressed.
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Figure 11. YFP and ChAT co-expression in the dorsal subiculum (A, B, C). Images
were taken with a 20X objective lens with a field of view of 636.5 um x 636.5 uym (1).
Original images were enlarged to better display cell body colocalization (2). Figure

created using a z-stack maximum intensity projection with a depth of 6 um.

Examining V1B (Figure 12), ChAT-density was calculated to be 4,535 (+186)
neurons per mm3, with 32 (1) neurons counted on average (n = 8 hemispheres from 4
mice). In comparison, 39 (£1) YFP neurons were expressed, leading to a density of
5,536 (x174) neurons per mm3 (n = 8 hemispheres from 4 mice). The ratio of ChAT-to-
YFP cell bodies is 0.83 (£0.03).
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Figure 12. YFP (A, C) and ChAT (B, C) co-expression in the V1B. Single frame images
were taken with a 20X objective lens with a field of view of 636.5 um x 636.5 um (1) and
152.8 pm x 152.8 ym (2).

When assessing the striatum in greater detail (Figure 13), 81.2% of ChAT cell
bodies were shown to colocalize with YFP neurons compared to 89.3% of YFP cell
bodies overlapping with ChAT neurons (n =4 hemispheres from 3 mice). Since 84.7%
of all cell bodies are shown to colocalize within the dorsal subiculum, this provides
greater evidence that YFP is properly being expressed within this transgenic mouse

line.
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Figure 13. YFP (A, C) and ChAT (B, C) co-expression in the striatum. White arrows
show cell bodies that colocalize in both YFP and ChAT images. Images were taken with
a 20X objective lens with a field of view of 636.5 ym x 636.5 um (1). Original images
were enlarged to better display cell body colocalization (2). Figure created using a z-

stack maximum intensity projection with a depth of 14 ym.

Table 3. Quantification of striatal neurons colocalized with ChAT, YFP, or both. YFP
and ChAT images were manually compared in four hemispheres from three mice with z-

stack depths varying from 23 umto 31 um.

ChAT YFP | Total colocalized
Average Number of | 31.3 28.8 60
Striatal Neurons
Colocalized (%) 81.2 89.3 84.7
Standard Error 1.9 1.6 0.9
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Figure 14. A) Comparing cell density from NT and ChAT-labelling in the dorsal
subiculum (dSub) with YFP and ChAT-labelling in the primary visual cortex. B)
Representation of cholinergic neurons (in red) compared to non-cholinergic neurons (in
blue)in the dorsal subiculum. C) Ratio of ChAT-to-YFP neurons in V1B. D) Percentage
of ChAT and YFP neurons that colocalize in the striatum, as well as the overall

percentage of cell bodies that colocalize compared to the total number present.
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4.0 Discussion

As the results demonstrate, YFP is properly expressed in the medial habenula,
striatum, and V1B. The ChAT-to-YFP ratio in V1B is 0.83:1, and striatal neurons in both
ChAT and YFP conditions colocalize 84.7% of the time. Furthermore, YFP expression
allowed detailed subcellular structures to be visualized including cell bodies and
neuropil structures such as dendritic spines and en passant synaptic boutons especially
in the dorsal subiculum. All this evidence supports that ChATcre::ChR2-YFP transgenic
mice properly express YFP when ChAT is synthesized in the striatum, medial habenula,
and V1B. However, in the dorsal subiculum there is an abundance of YFP-expressing
neuronal cell bodies while ChAT immunolabelled neurons only represent 0.89% of all
neurons in the dorsal subiculum. Since there is a large discrepancy between the few
ChAT cell bodies present and the overabundance of YFP expressed, we conclude that
the dorsal subiculum is non-cholinergic but may have been cholinergic some time

earlierin development.

4.1 ChAT labelling

Goat-anti-ChAT antibodies were found to be the best option to label cholinergic
neurons in the dorsal subiculum alongside positive controls. All positive controls (the
striatum, medial habenula, and V1B) showed proper colocalization between ChAT-
labelled cell bodies and neurons visualized with YFP. This helps show that YFP is
properly expressed from our immunolabelling of ChAT in a few brain regions
demonstrated by others to express ChAT-containing neurons. Therefore, this validates
the ChATcre::ChR2-YFP mouse line. Additionally, it validates the accuracy of goat-anti-
ChAT in its ability to label ChAT-containing neurons. Rabbit-anti-ChAT, while not as
precise in labelling neuropil, was also able to effectively label ChAT-containing neurons
in the subiculum which provides further evidence that structures present are not being

mislabelled.
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Examining ChAT expression in the dorsal subiculum shows very few neurons
labelled despite the many cell bodies visualized with YFP. The neurons that are labelled
with ChAT tend to colocalize with YFP-visualized cell bodies, which offers support that
this transgenic mouse line is not randomly expressing YFP. Despite this overlap, the
limited number of cholinergic neurons promotes the longstanding belief that the dorsal

subiculum is non-cholinergic, a notion that neuronal quantification supports.

4.2 Neuronal quantification

Cholinergic neurons were quantified and compared to the overall number of
neurons in the dorsal subiculumto find the percentage of neurons that contained ChAT.
The quantification of NT-labelled neurons, which represents the overall number of
neurons in the dorsal subiculum, seems to be consistent with results found in the
scientific literature. The mean findings within the scientific literature show the dorsal
subiculum to have a density of approximately 100,318 (+39,892) neurons per mm3
(Fabricius et al., 2008; Keller et al., 2018; Trujillo-Estrada et al., 2014), which aligns with

the 99,941 (£1,478) neurons per mm? quantified in our study.

To further validate the labelling and quantification of cholinergic neurons, ChAT
cell bodies in the V1B were examined. In the literature, there are few examples of
cholinergic neurons in V1B having been quantified. Dudai et al. (2020) found that VIP-
ChAT colocalization in the mouse V1B was 99.4% (£0.7%), and using VIP to estimate
ChAT density, quantified 546 (+81) cholinergic neurons/mms3. However, Kim et al.
(2017) found a VIP density of ~3,000 neurons/mm3 in V1B. Examining the results
obtained from the previous Honour studentin the Nashmi Lab shows that our ChAT
density in the V1B aligns with the values previously found in male (5,447 cells/mm?) and
female mice (3,666 cells/mm?3) (unpublished). The results from Kim et al. (2017) also
match these results, since it was found that the number of cholinergic neurons differ by
sex and that female mice have fewer ChAT-labelled cell bodies. Furthermore, the ratio
of ChAT-to-YFP neuronsin V1B suggests that they are labelling a similar number of cell
bodies, and that either YFP is slightly being overexpressed or that ChAT is unable to

penetrate and label all cholinergic cells. Based on the accuracy of the labelling in other
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regions, the latter option is more likely. Additionally, since most ChAT neurons
colocalized with YFP cell bodies in the striatum, this increases the likelihood that YFP is

not being ectopically expressed.

As cholinergic neurons in the dorsal subiculum have yet to be quantified, there
are no published studies with which our results can be compared. Therefore, to our
knowledge, this is the first study to quantify the density of cholinergic neurons in the
dorsal subiculum. Despite this, the very sparse number of ChAT-labelled neurons
compared to the overall number of neurons in the dorsal subiculum provides support
thatit is not a cholinergic nucleus although it appears to receive cholinergic afferents

from other brain regions (Woolf, 1991).

4.3 YFP expression

Although the dorsal subiculum lacks cholinergic neurons, YFP allowed the
visualization of various neuronal subcellular structures. Most notably were the dendritic
spines identified along its dendrites. We were also able to visualize YFP in the axons
and putative presynaptic bouton swellings that were interspersed along the fine axons
and therefore resembled en passant presynaptic boutons. Since cholinergic cell bodies
communicate with other neurons using ACh, it stands to reason that the cholinergic
neurons visualized would have axons that contain ChAT especially at these sites. The
dendrites visualized in our study show numerous spines emerging along their length
which act as postsynaptic sites for neuronal communication. Since YFP is fused with
ChR2 which is a light-activated cation channel, it allows YFP to spread throughout the

neuron’s extremities along the plasma membrane (Lin, 2011).

Despite this, the dorsal subiculum was still found to be non-cholinergic. This is
surprising, since there is tremendous detail in the neuropil structures visualized with
YFP. It is unlikely that this would be expressed through chance alone, given that all six
mice expressed YFP to the same extent. Furthermore, ChAT-labelled neurons thatwere

present would colocalize with YFP cell bodies, both in the dorsal subiculum and in our
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positive cholinergic regions. Given these results, YFP is shown to be properly

expressed everywhere except for the dorsal subiculum.

4.4 Possible explanations for YFP expression in ChAT-negative neurons in the dorsal

subiculum

Since ChAT-labelled neurons make up less than 1% of the overall cell bodies in
the dorsal subiculum, itis clear that the subiculum is largely non-cholinergic. This
matches the previous literature, which has notfound any evidence to suggest otherwise
(Woolf, 1991). These results also align with Granger et al.’s findings, where a different
transgenic mouse line (ChATres-Cre x Rosa26'sl-tdTomato) strongly labeled neurons in the
dorsal subiculum, yet did not express ChAT in adulthood (2020). Despite the lack of
ChAT-labelled neurons, YFP is still expressed in somata, dendrites, and axons
throughoutthe dorsal subiculum. Based on ourresults in the striatum, medial habenula,
and V1B, YFP is largely co-expressed with ChAT immunolabelling and therefore is
properly expressed in these brain regions. This seems to suggest that although the
dorsal subiculum is non-cholinergic in adult mice, it may express ChAT at some point
during development. Previous research has shown that it is possible for neurons to
switch neurotransmitters based on the conditions present(Li et al., 2024). Although Li et
al. found that fear changed neurotransmitter use from glutamate to GABA in the dorsal
raphe (2024), itis possible that a similar mechanism exists during cholinergic
development. This would explain why the subiculum contains ChR2 and YFP during
adulthood yet does not possess any cholinergic properties. ACh has been found to
enhance neurogenesis in the hippocampus and plasticity in the visual cortex, which
means that ACh may act as a catalyst for subicular neuronal development (Gu &
Singer, 1993; Mohapel et al., 2005). Therefore, it could be possible that subicular
neurons expressed ChAT at one pointin developmentbut then transitioned into another

neuronal type.
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4.5 Future studies

Future examinations into the subiculum’s cholinergic properties should be
conducted during the period of development prior to adulthood. To ensure that adult
mice do not express ChAT, a cre-dependent TdTomato adeno-associated virus should
be injected into ChATcre::ChR2-YFP transgenic mice. Assuming cholinergic neurons
begin producing other types of neurotransmitters in adulthood, TdTomato should not be
found in the dorsal subiculum. Once this is confirmed, this method can also be used
during multiple stages of development to see when TdTomato is expressed.
Alternatively, a brute force approach to understanding when cholinergic neurons in the
subiculum may change properties would be to look for YFP expression at various
stages in ChATcre::ChR2-YFP developmentand compare when ChATimmunolabelling

no longer appears.

Goral et al. (2019) investigated when cholinergic neurons develop and found that
most are cholinergic prior to postnatal day 12. Examining the subiculum surrounding
this period would be ideal, as the hippocampus and cerebral cortex begin expressing
sparse cholinergic neurons (Goral et al., 2019). Another approach to understand the
changes in cholinergic neurons would be to compare non-cholinergic neurons in the
dorsal subiculum, such as those producing GABA or glutamate, with those that express
YFP to see if they colocalize at any point. This would provide evidence of a
neurotransmitter change at some point during development. Additional studies could
also examine whether cholinergic density differs between male and female mice. While
comparing the limited ChAT expression in the dorsal subiculum between adultmale and
female mice could be done, examining this in developing mice (where we assume
ChAT-labelled neurons would properly be expressed) would help uncover any
differences between male and female mice pertaining to development. Finally, using
C57BL/6 mice with ChAT immunolabelling could be a good control experiment to verify

the expression of cholinergic neurons compared to ChATcre::ChR2-YFP mice.
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4.6 Study limitations

While this study sought to investigate the cholinergic properties of the dorsal
subiculum, there are some limitations. The way in which neuronal density was
calculated may not perfectly reflect the true number of neurons found in vivo. The
method for quantifying neurons was a calculated estimate based on thresholdingthe NT
signal, totalling this signal in the volume imaged in the field of view, and obtaining the
mean areas of a number of NT-labelled neurons in an optical slice to estimate the mean
volume per neuron, assuming a spherical shape of each neuron. Moreover, the
watershed algorithm may not fully separate neurons from other cell bodies or neuropil,
and certain thresholds could improperly label neurons. Since quantification of non-NT-
labelled neurons was done manually, errors could have occurred through human
counts. The densities quantified may also be skewed as fixation is known to shrink brain
volumes (Bolduan et al., 2020). Finally, this study’s limited examination of the dorsal
subiculum prevented us from analysing the complete rostral-caudal extent of the
subiculum and whether it also expressed cholinergic neurons during adulthood. Future

investigations should keep these limitations in mind.
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5.0 Conclusions

This study has confirmed that neurons in the dorsal subiculum are almost entirely
non-cholinergic within adult mice. Despite YFP’s unusual appearance in the subiculum,
itis properly expressed in the striatum, medial habenula, and V1B, providing evidence
that ChATcre::ChR2-YFP mice are not ectopically inducing YFP expression.
Furthermore, the detail of neuropil visualized with YFP also supports this. The evidence
from this study points towards the possibility that cholinergic neurons were presentin
juvenile mice but were no longer expressed in adults. Exploring the subiculum’s
cholinergic properties during development may explain YFP’s appearance despite the

lack of ChAT, as well as some of its functional roles in developing mice.
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Appendix A: Cre-labelling

To examine if cre-recombinase, and thus ChAT, is expressed in the adult dorsal
subiculum, we first compared cre labelling with YFP expression and ChAT-labelling in
the striatum (Figure A1). Cre was visualized using rabbit-anti-cre (Biolegend, cat #
908001) & donkey-CY5-anti-rabbit, and was compared to goat-anti-ChAT (Millipore, cat
# AB144P) and donkey-Cy3-anti-goat. Cre was excited using 438 nm wavelengths, and
required spectral unmixing to separate CY3, YFP, and autofluorescence. While YFP
and ChAT both visualized cell bodies, cre did not label any neurons. The lack of cre-
expression in a known cholinergic region implies that this antibody was unable to
properly label cre. Due to limited time and the lack of results that this antibody

produced, only one hemisphere was analyzed for cre-expression.

Figure A1. Images of striatal cholinergic neurons using YFP (A), ChAT (B), and cre (C)
labelling with a 20X objective lens and a field of view of 199.86 uym x 199.86 um.
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Appendix B: ChAT/NT Colocalization

To further validate the proper labelling of cholinergic neurons, we tried imaging
subicularslices with both NT and ChAT-labelled neurons. The basis for this experiment
was that if ChAT neurons colocalized with NT-labelled cell bodies in the subiculum, this
would strengthen the evidence that the few cholinergic neurons present are being
properly labelled. Adding NT onto the subicular slice alongside either the primary or
secondary antibodies for ChAT led to very poorimages (Figure B1). After checking the
Molecular Probes (2003) online manual for NT, it appears that various blocking
solutions can quench the fluorescence of Nissl stains. While donkey serum was not
mentioned in the list of blocking solutions, itis entirely possible that it affected NT
labelling. To combat this, we added NT after having added primary and secondary
antibodies with a PBS wash to remove the donkey serum. While NT-labelling had
improved, ChAT-labelling was very limited, perhaps having been washed off with the
extra PBS rinse (data notshown). This experiment was limited in both time and samples
examined. Additional troubleshooting should be done to ensure ChAT and NT

colocalize completely.

Figure B1. NT (A) and ChAT (B) co-labelling in the dorsal subiculum with a 20X
objective lens and a field of view of 636.6 ym x 636.5 ym. Figure created using a z-

projection with a depth of 13 um.
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