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Abstract  

Galectin-3 (Gal-3) is upregulated in Alzheimer’s Disease (AD) patients and has been 

shown to contribute to Beta-amyloid (Aβ) deposition in mouse models of Alzheimer’s 

Disease. Genetic removal of Gal-3 in these models have shown reduction in plaque 

load and rescue of cognitive deficits. In the subventricular zone (SVZ), Gal-3 regulates 

postnatal gliogenesis and migration of neural progenitors through the rostral migratory stream. 

However, less is known about the effects of Gal-3 on hippocampal neurogenesis. 

In my thesis, I firstly show that Gal-3 is present in the hippocampus and its neurogenic 

subgranular zone (SGZ) in healthy adult mice. I then show in vitro that Gal-3 decreases neural 

stem cell proliferation without affecting their differentiation. However, genetic ablation of Gal-

3 did not significantly affect hippocampal neurogenesis in healthy adult mice. Next, I show that 

Gal-3 knockout altered hippocampal microglial morphology in healthy adult mice but did not 

affect expression of disease associated microglial genes in vitro. However, Gal-3 increased 

expression of disease associated astrocytic genes by astrocytes. Functionally, Gal-3 

increased microglial phagocytosis of Aβ, but only when co-cultured with astrocytes. I show 

that this was due to Gal-3 increasing astrocytic secretion of amyloid degrading enzymes 

including Matrix metalloproteinase 9 (MMP9). Lastly, I show that intrahippocampal co-

injections of truncated Gal-3 without the oligomerisation domain (Gal-3C) with Aβ managed to 

induce Aβ deposits, but I also show that this was due to host upregulation of full length Gal-3. 

Hence showing that Gal-3C was not sufficient to induce Aβ deposition. I then show that this 

was likely due to the fact that only full length Gal-3 could promote high molecular weight 

oligomers of Aβ. 

In conclusion, my thesis provides insight into the effects of Gal-3 on hippocampal 

neurogenesis and on Aβ clearance by glial cells. 
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1.1 Alzheimer’s Disease (AD) 

Alzheimer's Disease is the leading cause of dementia, accounting for over 60% of cases. With 

the leading risk factor for AD being age, dementia cases are expected to almost triple globally 

between 2019 and 2050 (Nichols et al., 2022). First observed more than a century ago by 

Alois Alzheimer, the pathological hallmarks of AD include the presence of Beta Amyloid (Aβ) 

plaques and Tau neurofibrillary tangles (NFTs). More recently, in addition to Aβ and Tau NFTs, 

alterations to hippocampal neurogenesis and neuroinflammation have been observed in AD. 

1.1.1 Beta-Amyloid (Aβ) 

1.1.1.1 Production of Aβ from Amyloid precursor protein (APP) 

APP and its cleavage products have roles in neural development and neurogenesis (Nicolas 

& Hassan, 2014). Non-amyloidogenic α-cleavage of APP by α-secretase produces sAPPα 

which has been shown to promote neurogenesis (Ohline et al., 2022) and even been proposed 

to be a possible therapeutic agent (Dar & Glazner, 2020).  

The amyloidogenic pathway involves sequential cleavage, first by β-secretase to generate 

sAPPβ and CTF99 (C-terminal fragment). Cleavage of the CTF by the γ-secretase complex 

then results in the release of free Aβ which can range from 38 – 43 amino acids in length. 

These include Aβ1-40, the most abundant form of Aβ in the brain, and Aβ1-42, the most well-

studied isoform of Aβ in AD. 

1.1.1.2 The amyloid cascade hypothesis 

Under the amyloid cascade hypothesis, accumulation and aggregation of Aβ is proposed to 

drive AD pathology. This is supported by the fact that monomers of Aβ have not been 

considered as toxic (Sarkar et al., 2013), and have even been proposed as neuroprotective 

by promoting survival of mature neurons (Giuffrida et al., 2009). Multiple genes associated 

with increased risk of AD have been shown to encode proteins which promote Aβ aggregation, 

including ApoE and ApoJ (Hashimoto et al., 2012), and aggregated species of Aβ correlated 

with disease severity in AD (Tomic et al., 2009). Aβ could cause cognitive decline by inducing 
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neuroinflammation in microglia and astrocytes (discussed in 1.1.3), or by directly affecting 

neurons and neurogenesis (discussed in 1.1.4). Importantly, Aβ accumulation drives 

downstream Tau pathology (Oddo et al., 2003); in vivo imaging using 2-photon microscopy 

demonstrates that Aβ plaques induce local dystrophic neurites (Meyer-Luehmann et al., 2008). 

1.1.2 Tau 

Tau is a microtubule-associated protein in axons of neurons. Under homeostatic conditions, 

Tau binds to and stabilises microtubules, facilitating axonal transport. In AD, 

hyperphosphorylation of Tau can lead to its aggregation and cytotoxicity. In addition to loss of 

homeostatic functions, aggregation of Tau can result in the formation of seed-competent 

species which lead to the spreading of Tau pathology. Like Aβ, Tau can result in glial reactivity 

(discussed in 1.1.3) and is correlated with cognitive decline (discussed in 1.1.5). 

1.1.3 Neuroinflammation 

Inflammation and cellular senescence have been proposed as hallmarks of ageing (Lopez-

Otin et al., 2023), with senescent cells having a secretory phenotype that can promote 

“inflammaging”, chronic low-grade inflammation that increases with age (Olivieri et al., 2018). 

In AD, increased levels of pro-inflammatory cytokines such as Tumour Necrosis Factor alpha 

(TNFα), Interleukin 6 (IL-6) have been described, with microglia and astrocytes being the 

major contributors towards this neuroinflammatory phenotype. 

Both Aβ1-42 and Tau NFTs have been shown to increase glial activation and expression of pro-

inflammatory genes (Zaheer et al., 2008), furthermore, activated glia have been shown to 

propagate AD-related pathologies, resulting in a positive feedback loop which may aggravate 

neuroinflammation and induce further Aβ plaques and Tau NFTs. 

1.1.3.1 Microglial activation in AD 

Microglia are the tissue-resident macrophages in the brain, maintaining homeostasis by 

surveilling for pathogens and clearing debris from dead and dying cells. In AD, microglia 

acquire a reactive phenotype, with a subset of microglia (termed disease associated microglia, 
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DAM) in the 5xFAD mouse model strongly upregulating genes related to the 

phagocytosis/lysosomal pathway and immune response (Keren-Shaul et al., 2017). 

The pathological features of AD have been shown to result in microglial activation. Aβ binds 

to receptors on microglia including Toll-like receptors (TLRs) and Scavenger receptors; while 

these interactions promote phagocytic clearance of Aβ by microglia, they can also induce 

microglial secretion of pro-inflammatory cytokines including IL-6 and nitric oxide (Walter et al., 

2007). Microglia which have phagocytosed Aβ in vivo upregulate genes for inflammatory 

processes (Grubman et al., 2021), showing a specific subset of reactive microglia in response 

to Aβ. Tau activates the cyclic GMP–AMP synthase–stimulator of interferon genes (cGAS-

STING) pathway, driving nuclear factor kappa B (NFκB) transcription of pro-inflammatory 

genes such as Tnfa and Isg54 (Jin et al., 2021). Hence, the microglial activation seen in AD 

can be driven by Aβ and Tau pathologies. 

Concurrently, microglial activation can also propagate AD pathologies, with reactive microglia 

contributing to Tau seeding and spreading (Maphis et al., 2015). Failure of microglia to clear 

Aβ intracellularly leads to its accumulation in lysosomes, causing apoptosis of microglia and 

further plaque formation (Baik et al., 2016). Altogether, these suggest that microglial activation 

is not only a result of AD pathologies such as Aβ and Tau but can also contribute to the 

pathologies, resulting in a positive feedback cycle. 

1.1.3.2 Astrocytic activation in AD 

Astrocytes have important roles in ion and metabolite homeostasis, and they regulate the 

blood-brain barrier as their endfeet are connected to the brain vasculature. 

Like microglia, astrocytes have also been shown to acquire a disease associated phenotype 

in AD (Disease associated astrocytes, DAA) (Habib et al., 2020). Aβ-treatment of cultured 

astrocytes has been shown to result in increased nitric oxide levels  and Interleukin-1 beta (IL-

1β) expression (Hu et al., 1998; Schubert et al., 2009), along with increased activation as seen 

from stellate morphology. 
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In vitro, primary murine astrocytes increased pro-inflammatory cytokine expression after Tau 

pre-formed fibril (PFF) stimulation in a NfκB-dependent manner (Wang & Ye, 2021). 

Furthermore, conditioned medium from both Tau PFF and monomer pre-treated astrocytes 

increased neuronal cell death (Wang & Ye, 2021), suggesting astrocytes secreted neurotoxic 

factors in response to Tau. Astrocytes derived from P301S mice, when co-cultured with 

neurons from either wild type (WT) or P301 mice, decreased neuronal survival when 

compared to astrocytes derived from WT mice (Sidoryk-Wegrzynowicz et al., 2017). This is 

supported by the decreased levels of glutamine synthetase and glial glutamate transporter in 

P301S mice along with increased levels of glial fibrillary acidic protein (GFAP) (Sidoryk-

Wegrzynowicz et al., 2017). Such increases in astrogliosis are also seen in other mouse 

models of tauopathy such as the Thy22 (Gomez-Murcia et al., 2020). In conclusion, astrocytes 

are also activated in AD, and this can be a result of Aβ and Tau pathology. 

1.1.4 Decreased adult hippocampal neurogenesis (AHN) 

In adults, neurogenesis is restricted to two niches – the ventricular-subventricular zone (V-

SVZ) and the sub-granular zone (SGZ) of the hippocampus. In the SGZ, Neural Stem Cells 

(NSCs, GFAP+) divide either symmetrically for self-renewal (generating two NSCs), or 

asymmetrically to generate one NSC and one neural progenitor cell (Achaete-scute family 

bHLH transcription factor 1, ASCL1+). Neural progenitors then divide and differentiate into 

neuroblasts (doublecortin, DCX+) which then further differentiate into neurons which integrate 

into the dentate gyrus. In AD, AHN is decreased (Moreno-Jimenez et al., 2019), and hence 

multiple studies have tried to identify novel and natural substances which will promote AHN in 

an attempt to rescue the cognitive deficits of AD (Ong et al., 2025). In mice, increasing AHN 

has shown promise, with compounds increasing neurogenesis also rescuing cognitive deficits 

in AD models (Sasaki et al., 2019). 

 

The pathological hallmarks of AD can decrease AHN. Soluble extracts from the hippocampi of 

6-month old amyloid precursor protein/presenilin-1 (APP/PS1) mice (containing Aβ) 
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decreased neural stem cell proliferation in the neurosphere assay (Baglietto-Vargas et al., 

2017). The authors confirmed the effect of Aβ by showing that hippocampal extracts immuno-

depleted of Aβ did not alter neurosphere diameters (Baglietto-Vargas et al., 2017). The effect 

of Aβ on hippocampal neurogenesis was also seen in vivo with intracerebroventricular 

injections of Aβ into WT mice, which resulted in decreased neuronal nuclei-positive (NeuN+) 

cell density in the dentate gyrus (Amber et al., 2020), and with intrahippocampal injection of 

Aβ1-42 oligomers which decreased 5-bromo-2′-deoxyuridine-positive (BrdU+) proliferative cells 

in the SGZ (Zheng et al., 2013). Aggregation-prone Tau resulted in the thinning of the dentate 

gyrus pyramidal layer (Sydow et al., 2011), suggesting decreased hippocampal neurogenesis. 

Pro-inflammatory cytokines released by reactive glia can also decrease neurogenesis. Adult 

rat neural stem cells treated with IL-6 decreased differentiation and increased apoptosis 

(Monje et al., 2003). TNFα decreased proliferation of murine neural stem cells in a tumour 

necrosis factor receptor 1 (TNFR1) dependent manner, and also decreased differentiation of 

neural stem cells into Dcx+ neuroblasts (Chen & Palmer, 2013). The authors also showed that 

injections of TNF into the dentate gyrus decreased the generation of neurons in vivo (Chen & 

Palmer, 2013). Since activated microglia and astrocytes can secrete IL-6, the increased glial 

cell activation could increase the levels of pro-inflammatory cytokines in the brain, decreasing 

neurogenesis. In conclusion, the abovementioned characteristics of AD can all contribute 

towards alterations in hippocampal neurogenesis. 

While neurogenesis in mice is widely accepted to continue throughout life, adult hippocampal 

neurogenesis (AHN) in humans is still contested. While some have contested the existence of 

AHN (Franjic et al., 2022; Sorrells et al., 2018), multiple lines of evidence suggest that 

neurogenesis in the hippocampus continues throughout life in humans, including C14 dating 

observations (Spalding et al., 2013), immunohistochemical analyses (Alonso-Moreno et al., 

2025), and single cell RNA sequencing (Tobin et al., 2019). 
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1.1.5 Cognitive decline 

Plasma levels of Aβ and Tau have been correlated with cognitive decline in Mild Cognitive 

Impairment (MCI) patients (Chen et al., 2019). Concurrently, levels of AHN are decreased in 

aged adults with MCI and AD (Cao et al., 2024; Tobin et al., 2019). Hence AD pathologies 

could lead to cognitive deficits by decreasing AHN. Additionally, AD pathologies have also 

been shown to directly alter synaptic function. Injections of Aβ were sufficient to induce 

cognitive deficits in C57BL/6 mice (Faucher et al., 2015). Aggregates of Aβ have been 

hypothesized to cause cognitive decline by disrupting synaptic plasticity and increasing 

synaptic toxicity. Aβ disrupts glutamatergic receptors and their function, such as by activating 

N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors and increasing intracellular Ca2+ levels to sensitize neurons to glutamate 

(Mattson et al., 1992). Concurrently, Aβ can also block long term potentiation (LTP) by 

decreasing re-uptake of glutamate (Li et al., 2009). Hence, in addition to decreasing 

hippocampal neurogenesis and increasing neuroinflammation, Aβ oligomers can directly 

disrupt synapses and cause loss of LTP, all of which could contribute to the learning and 

memory deficits seen in AD. 

In both control and AD brains, Tau NFT containing neurons have lower synaptophysin than 

non-NFT containing neighbours (Callahan & Coleman, 1995). Mice expressing aggregation-

prone Tau also performed worse on hippocampal-dependent tasks such as the Morris Water 

Maze and passive avoidance test (Sydow et al., 2011). Lipopolysaccharide (LPS)-induced 

neuroinflammation can increase microglial Complement component 1q (C1q) and decrease 

dendritic spine density of neurons in the CA1 (Wu et al., 2023), resulting in cognitive 

impairment. A similar upregulation of C1q and aberrant synaptic engulfment is seen in an AD 

mouse model (De Schepper et al., 2023). Chronic, low-dose LPS also induces astrocytic 

activation and result in alterations to glutamate homeostasis (Schirmbeck et al., 2023), 

decreased expression of genes related to these processes can cause excitotoxicity and loss 
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of synapses. Altogether, these suggest that the pathologies seen in AD can contribute towards 

cognitive decline, either directly by disrupting synapses, or indirectly via inflammation. 

1.1.6 Conclusion 

In section 1.1, the pathological hallmarks of AD have been outlined. The interactions between 

neuroinflammation, Aβ pathology and Tau NFTs have been highlighted, with in vitro and in vivo 

evidence showing that Aβ and Tau pathologies can be worsened by glial activation and vice 

versa. Importantly, these features can lead to decreased hippocampal neurogenesis, which 

has been correlated to cognitive impairment in humans. Furthermore, they can also directly 

disrupt synaptic function which leads to cognitive deficits. 

1.2 Galectin-3 and Alzheimer's Disease 

Recently, Galectin-3 has become of interest in the context of AD as it has been shown to be 

upregulated in patient sera (Ashraf & Baeesa, 2018; Wang et al., 2015) and CSF (Ashraf & 

Baeesa, 2018; Boza-Serrano et al., 2022). Additionally, Gal-3 levels are negatively correlated 

with cognitive scores (Ashraf & Baeesa, 2018; Wang et al., 2015) and colocalise with Aβ 

deposits and Tau tangles in AD brains (Boza-Serrano et al., 2022). In the 5xFAD model, 

Galectin-3 is upregulated in DAM (Keren-Shaul et al., 2017) 

1.2.1 Galectin-3 Biology 

Galectins are evolutionarily conserved proteins characterised by a carbohydrate recognition 

domain (CRD) and have multiple roles in innate immunity, inflammation, differentiation and 

apoptosis. While the prototypic subfamily (Gal-1, 2, 7, 10, 11, 13, 14, 15) contains only one 

CRD which can form homodimers, the tandem repeat subfamily (Gal-4, 5, 6, 8, 9, 12) have 

two distinct CRDs which form heterodimers. Galectin-3 is the only chimeric member in the 

Galectin family, having a unique N-terminal oligomerisation domain linked to the C-terminus 

CRD by a collagen-like sequence (CLS). 
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Pentamerisation of Galectin-3 is triggered by binding to glycoproteins (Zhao et al., 2021) and 

is mediated by prolines in the N-terminal, the positions of which are highly conserved across 

species.  This occurs through a process similar to liquid-liquid phase separation as the CRD 

is hydrophilic while the N-terminal is hydrophobic.  

 

Human and mouse Galectin-3 (hGal-3 and mGal-3, respectively) share a highly conserved 

sequence (77% identity, 82% positives), with the CRD having even higher conservation (88% 

identity, 93% positives). While there are differences in the CLS, the positions of prolines remain 

highly similar. Together, these suggest that hGal-3 and mGal-3 are likely to function similarly. 

 

Galectin-3 is conserved between mouse and human: 
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Furthermore, this similarity is increased for just the C-terminal CRD: 

1.2.2 Galectin-3 and Beta-amyloid 

Boza-Serrano and colleagues show that by knocking out Gal-3 in 5xFAD mice, Aβ plaque 

burden is decreased, while conversely the co-injection of Aβ with Gal-3 induced Aβ deposition 

(Boza-Serrano et al., 2019). Remarkably, this reduction in plaque burden is recapitulated in 

the APP/PS1 model with Gal-3 knockdown (Tao et al., 2020). Gal-3 is known to bind to β-

galactosidated proteins such as Aβ, and a co-immunoprecipitation showed that Gal-3 indeed 

binds to Aβ (Tao et al., 2020). Furthermore, both studies also show cognitive benefits from 

reducing Gal-3 levels (Boza-Serrano et al., 2019; Tao et al., 2020). Microglia which have 

phagocytosed Aβ show increased Galectin-3 expression (Grubman et al., 2021). Altogether, 

these show that Galectin-3 directly interacts with Aβ and increases its deposition. 

1.2.3 Galectin-3 and Tau 

Another crucial hallmark of AD is the presence of Tau neurofibrillary tangles (NFTs). More 

recently, Siew and colleagues show that Gal-3 not only binds to phosphor-Tau (pTau), but also 

promotes Tau fibrillation (Siew et al., 2024). The knockout of Gal-3 in THY-Tau22 mice also 

reduced Tau deposition and rescued cognitive defects in the tauopathy mouse model (Siew et 

al., 2024). Since Aβ pathology also drives Tau aggregation (Gotz et al., 2001), Galectin-3 could 

also be promoting Tau aggregation indirectly by increasing Aβ aggregation. In humans, 

Galectin-3+ microglia are observed to be associated with pTau in post-mortem brain samples 

and Galectin-3 levels are correlated with both pTau and total Tau levels (Boza-Serrano et al., 
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2022). Taken together, these show that Galectin-3 has similar effects on the aggregation of 

Tau as it has on Aβ. 

1.2.4 Galectin-3 and inflammation 

Galectin-3 was first described to be expressed in macrophages after strong inflammatory 

challenges (Ho & Springer, 1982). Galectin-3 is also upregulated by BV2 microglia and in the 

brain after LPS treatment (Burguillos et al., 2015). 

1.2.4.1 Microglia 

Primary murine microglia from Galectin-3-/- mice showed decreased secretion of pro-

inflammatory cytokines after LPS stimulation (Burguillos et al., 2015) and after treatment with 

Aβ fibrils (Boza-Serrano et al., 2019). iPSC-derived microglia also decreased pTau-induced 

secretion of IL1α, IL1β, IL-6 and TNFα when treated with the Galectin-3 inhibitor TD-139 (Siew 

et al., 2024). Addition of Galectin-3 directly to primary microglia also increased release of 

proinflammatory cytokines in a TLR4 dependent manner (Burguillos et al., 2015). in vivo, 

Galectin-3 knockout decreased the density of CD68+ cells in response to peripheral LPS, 

suggesting that loss of Galectin-3 attenuated LPS-induced microglial activation (Espinosa-

Oliva et al., 2021). 

These findings show that Galectin-3 is a crucial mediator of microglial activation both 

intracellularly and extracellularly. In the latter, Galectin-3 can act as a TLR4 ligand (Burguillos 

et al., 2015), inducing paracrine activation of neighbouring cells. 

1.2.4.2 Astrocytes 

Galectin-3 is upregulated in astrocytes after traumatic brain injury (TBI) and marks a subset 

of proliferative astrocytes with neurosphere-forming potential (Sirko et al., 2015). However, it 

has not been characterised whether Galectin-3 can also result in astrocytic activation. The 

effect of Galectin-3 on astrocytic activation in neurodegenerative diseases is also not well 

characterized.  
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1.2.5 Galectin-3 and phagocytosis 

Galectin-3 acts as a pattern-recognition receptor, opsonising bacteria for phagocytosis by 

microglia upon binding to MerTK (Cockram et al., 2019; Nomura et al., 2017). In demyelinating 

disease, Galectin-3 is expressed by microglia which phagocytose myelin, and inhibition of 

Galectin-3 with galactose decreased myelin phagocytosis (Reichert et al., 1994). Hence, it 

appears that Galectin-3 promotes the phagocytosis of cargo by microglia. However, less is 

understood about how Galectin-3 regulates Aβ phagocytosis. Currently, only one study has 

examined the effect of Galectin-3 on Aβ phagocytosis. Addition of Galectin-3 simultaneously 

with cargo increased uptake of monomeric Aβ (mAβ), but not fibrillar Aβ (fAβ); however, 30 

minute pre-treatment of primary microglia with Galectin-3 prior to addition of cargo decreased 

uptake of fAβ, but not mAβ (Boza-Serrano et al., 2019). While the increased uptake of mAβ in 

the presence of Galectin-3 is consistent with the role of Galectin-3 as an opsonin, the results 

seen with pre-treatment of Galectin-3 suggests a more complex role of Galectin-3 in Aβ 

phagocytosis which warrants further investigation. 

1.2.6 Galectin-3 and neurogenesis 

In the SVZ, neural stem cells divide and differentiate into DCX+ neuroblasts which migrate 

along the rostral migratory stream (RMS) towards the olfactory bulb (OB) where they 

differentiate into NeuN+ neurons. Here, Galectin-3 is expressed by GFAP+ astrocytes, 

ependymal cells and a subset of Mash1+ intermediate progenitors (Comte et al., 2011). 

Galectin-3 KO reduces the number of neurons in the OB by altering neuroblast migration along 

the RMS (Comte et al., 2011). 

By electroporation of either an shGal-3 construct into WT animals, or a Cre construct into 

Galectin-3flox/flox animals, previous work in the Szele lab established that Galectin-3 knockdown 

decreased gliogenesis in the SVZ (Al-Dalahmah, Campos Soares, et al., 2020). 

Overexpression of Gal-3 increased the proportion of GFAP+ and S100β+ cells while decreasing 

the number of Olig2+ cells, suggesting a shift of fate choice away from oligodendrogenesis 
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and towards astrogenesis (Al-Dalahmah, Campos Soares, et al., 2020). Together, these show 

that in the postnatal SVZ, Galectin-3 is expressed by glial cells and a subset of neural 

progenitors, and that Galectin-3 has cell-autonomous roles in fate choice between astrocytes 

and oligodendrocytes. 

It is not known whether Galectin-3 regulates hippocampal neurogenesis, or if cells expressing 

Galectin-3 can be detected in the SGZ. The cell types expressing Galectin-3, if present, are 

also to be determined. Nevertheless, most regulators of neurogenesis affect both SVZ and 

SGZ neurogenesis (such as fibroblast growth factor 2, FGF2 (Kang & Hebert, 2015; Woodbury 

& Ikezu, 2014)). Other Galectins have been shown to regulate hippocampal neurogenesis, 

with Galectin-1 being expressed by the neural stem cells (GFAP+, Nestin+, FABP7+ or Msi1+) 

in the SGZ, where it inhibits proliferation of NSCs under homeostatic conditions (Imaizumi et 

al., 2011). 

Hence, I hypothesized that Galectin-3 would decrease neurogenesis in the SGZ. 

1.2.7 Galectin-3 and cognitive decline 

As mentioned, Galectin-3 is negatively correlated with cognitive scores. Galectin-3 genetic 

variants rs4644, rs4652 and rs1009977 were associated with lower cognitive performances 

even after adjusting for increased C-reactive protein levels (Trompet et al., 2012). 

Experimentally, Galectin-3 overexpression impaired hippocampal-dependent fear memory in 

rats (Chen et al., 2017). The authors also showed that knockout of Galectin-3 improved fear 

memory in mice (Chen et al., 2017), and that this was not due to decreased levels of pro-

inflammatory cytokines IL6 and TNFα (Chen et al., 2017). While the authors also reported that 

Galectin-3-/- mice had enhanced spatial acquisition in the Morris Water Maze compared to 

male Galectin-3+/+ mice (Chen et al., 2017), other studies did not find improvements in Morris 

Water Maze (MWM) performance from Galectin-3 knockout on a WT background (Siew et al., 

2024; Tao et al., 2020). Hence, Galectin-3 may also affect memory and cognitive functions 

directly independent of its effects on glial reactivity and pro-inflammatory cytokine levels. 
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1.3 Aims of project 

Galectin-3 is expressed by microglia and is strongly upregulated after brain injury and in 

neurodegenerative diseases including Alzheimer's Disease.  While it has been shown to 

increase oligomerisation and deposition of beta-amyloid, its effects on neural cells are less 

clear. I aimed to test the overarching hypothesis that Galectin-3 is deleterious to AD pathology. 

 

Galectin-3 can modulate cognitive performance independent of neuroinflammatory markers 

IL-6 and TNFα (Chen et al., 2017). Hippocampal neurogenesis is decreased in AD patients, 

and galectin-3 can modulate neurogenesis and gliogenesis in the SVZ (Al-Dalahmah, Campos 

Soares, et al., 2020; Comte et al., 2011). Hence, chapter 3 aims to test the hypothesis that 

secreted galectin-3 can directly decrease hippocampal neurogenesis in vitro via the 

neurosphere assay and in vivo using galectin-3 knockout mice. 

Since Galectin-3 is mainly expressed by reactive microglia, I sought to test if Galectin-3 

expression alters microglial activation. In Chapter 4, I first test the hypothesis that Galectin-3 

knockout would decrease the expression of disease-related and pro-inflammatory genes in 

microglia. Next, microglial morphology has been used as a measure of microglial reactivity, 

with reactive microglia having decreased ramification. Hence, I hypothesized that Galectin-3 

expressing microglia would have decreased ramification. In addition to being expressed by 

reactive microglia, Galectin-3 can also act as a paracrine signal to neighbouring cells. I tested 

the hypothesis that galectin-3 knockout mice would have increased microglial ramification 

compared to wildtype counterparts. I also tested the hypothesis that astrocytes would 

upregulate disease-associated genes upon treatment with Galectin-3. 

While Galectin-3 has been shown to increase Beta-amyloid deposition, it is not clear whether 

Galectin-3 does this solely by promoting oligomerisation of Beta-amyloid or if it also alters 

microglial clearance of Beta-amyloid. In chapter 5, I test the hypothesis that Galectin-3 would 

decrease phagocytosis of Aβ oligomers, hence leading to its accumulation. 
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In some disease contexts, Galectin-3 has been shown to be neuroprotective, with the 

Carbohydrate recognition domain (CRD) possibly contributing to re-myelination. Hence, I 

aimed to determine if the CRD is sufficient to promote oligomerisation and deposition of Beta-

amyloid. Since the N-terminal tail mediates oligomerisation of Galectin-3, I hypothesized that 

without the N-terminal, Galectin-3 will have reduced ability to promote oligomerisation and 

deposition. 

In conclusion, my thesis aims to show that Galectin-3 negatively influences hippocampal 

neurogenesis, amyloid clearance and glial cell activation. 
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Chapter 2: Materials and Methods 
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2.1 Animals 

2.1.1 Galectin-3 knockout mice (Lgals3<tm1Poi>/129Sv) 

Galectin-3 knockout mice (Lgals3<tm1Poi>) were generated by Francoise Poirier, Paris, and 

kindly gifted to the Szele lab for a previous study on SVZ neurogenesis (Comte et al., 2011). 

Brains had previously been extracted after transcardiac perfusion with phosphate buffered 

saline (PBS) and 4% paraformaldehyde (PFA), and then post-fixed in 4% PFA overnight before 

being equilibrated in 30% sucrose in PBS. The brains were then frozen prior to sectioning. I 

obtained posterior brains from approximately –1.0mm w.r.t. Bregma (containing the 

hippocampus). Coronal sections of 30μm were obtained using a Leica microtome and sections 

were stored in cryoprotectant (ethylene glycol, glycerol, 0.1M phosphate buffer, pH 7.4, 1:1:1:2 

by volume). All sections were stored in cryoprotectant at –20oC until immunohistochemistry 

commenced. These brains were obtained for comparison of neurogenesis between WT and 

Galectin-3 knockout mice. 

2.1.2 Galectin-3 knockout mice (Lgals3<tm1Ftl>) 

Galectin-3 knockout mice (Lgals3<tm1Ftl>) were a kind gift from the Bethan Psaila/Adam 

Mead labs. Homozygous knockout mice were first crossed with C57Bl6 to produce F1 

heterozygotes. The F1 generation were then mated as sibling trios to generate 25% Galectin-

3+/+, 50% Galectin-3+/-, and 25% Galectin-3-/- F2 generation. F2 mice were earclipped and 

genotyped (Transnetyx) at 3 weeks of age. These brains were obtained for comparison of 

neurogenesis between WT and Galectin-3 knockout mice, and for experiments involving 

intrahippocampal injection of Aβ. 

2.1.2.1 BrdU injections 

10 mg/ml BrdU stock was prepared (Abcam, ab142567) and kept at –20 °C. At 2 months of 

age, mice were given 100 mg/kg (10 µl/g of 10 mg/ml stock) BrdU daily for 10 days via 

intraperitoneal (i.p.) injections. For the neuroblast cohort, this was followed by a 10-day 
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washout before sacrifice via transcardiac perfusion. For the Label-Retaining Cell (LRC) cohort, 

BrdU injections were followed by a 30-day washout period before sacrifice. 

 

Brains were dissected and fixed with 4% PFA overnight at 4oC before being equilibrated in 30% 

w/v sucrose. 30 μm sections were taken using a Leica microtome and sections were stored in 

cryoprotectant (ethylene glycol, glycerol, 0.1 M phosphate buffer, pH 7.4, 1:1:1:2 by volume). 

All sections were stored in cryoprotectant at –20 °C until immunohistochemistry was performed. 

2.1.3 Cx3cr1-GFP mice 

A breeder trio of Cx3cr1-GFP+/- mice were obtained as a gift from the Domingos lab. Cx3cr1-

GFP+/- were crossed to produce Cx3cr1-GFP+/+ mice. Mice were used as breeders to produce 

Cx3cr1-GFP+/- pups, from which glial cells were extracted (see section 2.6.2). 

2.2 Preparation of Beta Amyloid 

2.2.1 Monomerisation of Aβ from lyophilised stock 

To ensure monomerization of Aβ, lyophilised Aβ(1-42) (CAS 107761-42-2) was obtained from 

Cambridge Biosciences (H7442.1000) and dissolved in 221 μl 1,1,1,3,3,3-Hexafluoro-2-

propanol (HFIP; VWR International Ltd, 354861000) (Stine et al., 2003). The solution was 

sonicated for 45 minutes in a bath sonicator. After the solution was clear, an Eppendorf 

Repeater Plus pipette with a 0.1 ml tip was used to aspirate the Aβ(1-42) monomer solution. 20 

μl was aliquoted into each tube quickly to minimise evaporation of the HFIP. Any remaining 

solution was dispensed back into the original tube as a control to test for oligomerisation. The 

tubes were left in a fume cabinet overnight to allow the HFIP to evaporate. The tubes were 

then spun for 2 hours under vacuum in a DNA concentrator to ensure all HFIP was evaporated 

to leave the Aβ(1-42) monomers as a film on the bottom of each tube. The tubes were stored at 

–80 °C until further use. 
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2.2.2 Preparation of Aβ oligomers for in vitro assays 

The protocol was kindly provided by Chris Bohlen (Haney et al., 2018). 

To one tube of Aβ1-42 monomer film, 8.88 µL of dimethyl sulfoxide (DMSO) (Sigma, D4540-

500ML) was added and dissolved completely by gentle pipetting (12.5 mg/ml Aβ in DMSO). 

The solution was bath sonicated for 10 minutes. 102 µl of filtered PBS (ThemoFisher, 

14190250) was added to the tube, giving 110.8 µl of 0.903mg/ml (200µM) Aβ solution in PBS/8% 

DMSO. The tube was vortexed for 15 seconds before incubation at 4 °C for 24 hours. The 

solution was centrifuged at 17 000 g for 1 minute before the supernatant was aliquoted into 

single use aliquots. The Aβ1-42 oligomer solution was kept at –80 °C until experiments. During 

the day of the phagocytosis assay, an aliquot was thawed on ice. 1 μl of pHrodo-SE (Thermo 

Fisher, P36600; 10 mg/ml in DMSO) was added and the sample was incubated in the dark on 

a rocker for 15 minutes. The labelled oligomer solution was centrifuged at 17 000 g for 1 

minute and the supernatant was transferred to a fresh tube. 

2.3 Surgeries 

To determine the effects of Galectin-3 and Galectin-3C (truncated Galectin-3 with only the 

carbohydrate recognition domain) on Aβ deposition in mice, cranial injections of the following 

preparations were performed according to the protocol from Boza-Serrano and colleagues 

(Boza-Serrano et al., 2019): 

1) Aβ1-42 

2) Aβ1-42 + Galectin-3 (Abcam, ab50236-50ug) 

3) Aβ1-42 + Galectin-3C (R&D Systems, 10110-GA) 

Preparing Galectin-3/Galectin-3C solutions: 

1) 100 µg of HFIP-treated Aβ1-42 was dissolved in 140 µl of saline for injection. 

2) The peptide was allowed to rehydrate and the solution was sonicated for 10 minutes. 

3) The tube was centrifuged for 1 minute at 17 000 g to remove precipitates and fibrils. 
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4) The supernatant (monomer solution) was aliquoted into 7µl aliquots and stored at –

80 °C until further use. 

5) On the days of surgery, aliquots were thawed on ice and prepared as follows: 

a. Aβ1-42:   3 µl saline + 7 µl Aβ1-42 solution 

b. Aβ1-42 + Galectin-3: 1 µl saline + 2 µl 500 µg/ml Galectin-3 + 7 µl Aβ1-42 

solution 

c. Aβ1-42 + Galectin-3C: 1 µl saline + 2 µl 307.7 µg/ml Galectin-3C + 7µl Aβ1-42 

solution 

6) The solutions were mixed and incubated at 37 °C for 1 hour before being kept on ice. 

7) Solutions were then transferred into a pulled glass pipette using a 10 μl Hamilton 

syringe (701RN) 

 

2 month old male and female Galectin-3+/+ (C57Bl6) and Galectin-3-/- (Lgals3<tm1Ftl>) mice 

were anaesthetised in an induction chamber using 3% isofluorane before being transferred to 

a stereotaxic frame with a rodent heating mat (Stoelting, 53800M). Anaesthesia was 

maintained with 1.5% isofluorane administered through a snout-fitted conical tube. Mouse 

heads were shaved and mice were given 0.05 ml of 0.25% Marcaine subcutaneous (s.c.) and 

5 mg/kg of Metacam i.p.. The surgical site was cleaned with 2% chlorhexidine in 70% ethanol 

(Clinell) and the incision was made. The skull was dried with sterile cotton buds to expose the 

targeted region. The needle was used to measure the following coordinates with respect to 

Bregma – anterior-posterior (AP): -2.0 mm, mediolateral (ML): +1.5 mm – and a Dremel drill 

was used to make a small hole to expose the brain. The needle was lowered to 2.5 mm below 

Bregma before being raised to 2.0mm below Bregma. 2 µl of the designated preparation was 

injected intracranially to coordinates (corresponding to 0.1 μg of Aβ and 10 μmol of either 

Galectin-3 or Galectin-3C, if present). Injection was done at 0.5 µl/minute and the needle was 

left in place for 2 minutes after the injection before being retracted over 4 minutes. The skin 

incision was then closed with Vetbond (3M) and allowed to dry for 1 minute and the animal 
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was allowed to recover. Mice were allowed access to Metacam jellies for 3 days post-surgery. 

Mice were kept for 1 month from the date of injection and then sacrificed via transcardiac 

perfusion with saline and then 4% PFA in PBS. The brains were dissected and fixed in 4% 

PFA overnight at 4 °C before being transferred into 30% w/v sucrose and allowed to equilibrate. 

Brains were then frozen at –80 °C until sectioning. 

2.4 Immunofluorescence 

2.4.1 Sectioning of brains with intrahippocampal injections 

30μm sections were taken using a Leica microtome as before. Where present, olfactory bulb 

(OB) sections were taken and separated into left and right OBs. SVZ and anterior hippocampal 

sections were kept. At AP –1.25mm (with reference to Bregma), the first serial section was 

placed into well 1, second section into well 2, and so on until the 8th section into well 8. The 

9th serial section was placed into well 1 and 10th into well 2. This was continued until the 40th 

section, giving 8 serial wells of 5 evenly spaced sections from -1.25mm to -2.45mm w.r.t. 

Bregma. More posterior sections were obtained for staining controls. All sections were stored 

in cryoprotectant at –20 °C until immunohistochemistry. 

2.4.2 Immunohistochemistry without antigen retrieval 

For immunohistochemical detection of all antigens excluding BrdU, and in mice without 

intracranial surgeries. Sections were transferred into PBS in a well plate. They were washed 

five times in PBS for 7 minutes each before being incubated in glycine for 15 minutes. Sections 

were incubated in blocking buffer (BB, 10% Donkey Serum in PBS with 0.05% Triton-X100) 

for 1 hour at room temperature, after which the primary antibody solution (antibodies diluted 

in BB) was added, and the plates were incubated on a rocking platform at 4 °C overnight. 

Primary antibody solution was collected the next day and the sections were washed 3 times 

for 10 minutes each in PBS with 0.05% Triton-X100 (PBS-T). The secondary antibody solution 

was then added, and the plates were incubated on a rocking platform at room temperature 
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(RT) for 1 hour in the dark. The sections were then washed 3 times for 10 minutes each in 

PBS-T before 4′,6-diamidino-2-phenylindole (DAPI) solution (10 µg/ml DAPI in PBS) was 

added. The sections were washed in PBS and mounted onto glass slides and allowed to dry 

before Fluorsave (Millipore, 345789) was added and the slides were coverslipped. List of 

antibodies used and their concentrations can be found in the appendix. 

2.4.3 Immunohistochemistry with antigen retrieval 

For immunohistochemical detection of BrdU, antigen retrieval was required. Sections were 

transferred into PBS in a well plate. They were washed five times in PBS for 7 minutes each 

before being incubated in glycine for 15 minutes. The sections were then transferred into 1.5 

ml tubes with 2 M HCl and incubated at 37 °C for 30 minutes for antigen retrieval. After antigen 

retrieval, sections were transferred back into the well plates and rinsed with PBS before BB 

was added. The remaining protocol followed the immunohistochemistry protocol above. 

2.4.4 Immunohistochemistry with Sudan Black B (SBB) quenching 

For sections from mice injected with Aβ (see section 2.3), SBB was used to quench lipofuscin-

like autofluorescence. The protocol from 2.4.3 was followed except for SBB quenching 

between DAPI counter-staining and mounting. After rinsing off DAPI staining solution, sections 

were first equalised into 70% ethanol for 5 minutes, then incubated with 0.3% SBB in 70% 

ethanol. The sections were then washed five times with 70% ethanol for 1 minute each. The 

sections were then transferred to PBS before being mounted as per 2.4.3. 

2.4.5 Immunocytochemistry 

For cell culture experiments, immunocytochemical detection was performed with the same 

protocol as 2.4.3 but with the removal of the glycine step. 
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2.5 Neurosphere experiments 

2.5.1 Isolation of primary neurospheres from P2 – P4 pups 

Pups were sacrificed by overdose of pentobarbital and checked for pedal reflexes before 

confirmation by cervical dislocation. After decapitation, the brains were isolated and 

immediately placed in cold Neurobasal medium (Gibco, 21103049) and kept on ice. Brains 

were sliced coronally at 400 µm with the Mcilwain tissue chopper and the slices were placed 

back in cold Neurobasal medium. The dentate gyri were isolated using 27G needles, and a 

P200 pipette was used to transfer the dentate gyri (DG/DGs) to a 15ml tube with Neurobasal 

medium and kept on ice; DGs from 6 – 8 brains were pooled into each replicate. The medium 

was aspirated and 1 – 2 ml of 1X Accutase (Stemcell, 07920) was added to the tissue and the 

tube was incubated at 37 °C for 10 minutes. The cells were gently triturated with a P1000 

pipette to dissociate the DGs into a single cell suspension. 10 ml of Neurobasal A+ medium 

(Neurobasal + B27 + Glutamax + penicillin/streptomycin) with growth factors (GFs; 20 ng/mL 

epidermal growth factor [EGF] and 20 ng/mL FGF2) was added and the cells were plated into 

a non-tissue culture (non-TC) treated 6-well plate with 2 ml per well. The next day, a medium 

change was performed by transferring the cells into a 50 ml tube and rinsing the wells with 

calcium- magnesium-free (CMF) PBS. The cells were centrifuged at 300 g for 10 minutes and 

the supernatant was discarded. 12 ml of fresh Neurobasal A+ medium with GFs was added to 

the tube and the neurospheres were gently mixed with a 10 ml serological pipette. 2 ml of the 

suspension was added to each well of a fresh non-TC treated 6-well plate. The neurospheres 

were observed daily over a week and passaged when the neurospheres were approximately 

200 μm in diameter. 

2.5.2 Passaging of neurospheres 

The neurosphere suspension was transferred into a 50 ml tube, and the culture flask or wells 

were rinsed with PBS to remove all neurospheres. The suspension was centrifuged and the 

supernatant discarded before 2 ml of Accutase was added to the pellet. The cells were gently 
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triturated and then incubated at 37 °C for 10 minutes. The cell suspension was then triturated 

into a single cell suspension before 8 ml of medium was added to neutralise the Accutase. 

After cell counting Trypan blue-positive and negative cells, the cell suspension was centrifuged 

to remove the Accutase and fresh medium was added to dilute the suspension to 106 live cells 

per ml. After thorough mixing, the cells were transferred either to non-TC treated plate or 

Poly(2-hydroxyethyl methacrylate) (poly-HEMA) treated T75-flasks. The cells were observed 

daily until the next passage or treatment. 

2.5.3 Neurosphere proliferation assay 

On day 0 (D0), the cells were passaged as before. A single cell suspension was obtained and 

4 ml of Neurobasal A+ medium was added before cell counting. 

Using serial dilution, 0.5 x 105 cells were transferred to a 1.5 ml tube per condition before they 

were centrifuged and the supernatant aspirated. 1 ml of the appropriate medium with GFs was 

added and the cells gently resuspended evenly. 9 x 100 µl of the suspension was seeded onto 

a single poly-HEMA treated 96-well plate at a final seeding concentration of 5.0 x 104 cells/ml. 

 

Wells were imaged on days 4 and 7. Thereafter, all neurospheres were pooled and centrifuged. 

The supernatant was discarded before 500 µl of Accutase was added and the samples were 

incubated at 37 °C for 10 minutes. The cell suspension was gently triturated into single cells 

and 2.5 ml of Neurobasal medium was added. The suspension was mixed thoroughly and 10 

µl of it was added to 30 µl of Trypan Blue for cell counting.  

2.5.4 Neurosphere differentiation assay 

On D0, the cells were passaged as before. A single cell suspension was obtained and 4ml of 

Neurobasal A+ medium was added before cell counting. 2.5 x 105 cells were transferred to a 

1.5 ml tube per condition before being centrifuged and the supernatant aspirated. 1 ml of the 

medium (without GFs) was added and the cells gently resuspended evenly. 3 x 100 µl of the 

suspension was seeded onto 3 separate Poly-L-ornithine and laminin coated plates (final 
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seeding concentration 2.5 x 105 live cells/ml). Plates were fixed on D5 with 4% PFA and kept 

at 4 °C until immunocytochemistry. 

2.6 Glial cell culture 

2.6.1 Poly-d-lysine (PDL)-coating of flasks and plates 

15 mm glass coverslips were placed into 24-well plates and sterilised with 70% ethanol for 

one minute. The wells were rinsed twice with distilled water before coating. Cell culture plates 

(96-well, 24-well and 6-well) and T75 flasks were coated with Poly-D-Lysine (PDL, 10 μg/ml) 

for 2 hours at room temperature. The flasks and plates were then rinsed thrice with distilled 

water to remove any remaining PDL before being air-dried. Unused plates or flasks were then 

parafilmed and stored at 4 °C. 

2.6.2 Isolation of primary murine glia 

P0 – P2 mice were sacrificed and their brains were extracted. The olfactory bulbs were 

dissected and removed; this was followed by peeling the cortices and hippocampi. Two to 

three half cortices were pooled into one 1.5 ml tube with 500 μl of ice cold DMEM. After all 

brains were dissected, the brains were minced with a pair of sharp scissors and then rinsed 

thrice with cold DMEM. A final rinse with PBS was performed before 500 μl of 0.25% Trypsin 

was added to the tubes. The samples were incubated at 37 °C for 10 minutes before being 

triturated to break up the tissue. 1 ml of glial cell medium was added to neutralise the trypsin 

and the samples were gently mixed. The samples were centrifuged at 300 g for 5 minutes and 

the supernatant was discarded. The cell pellets were resuspended in the appropriate amount 

of glial cell medium and seeded onto PDL-coated T75 flasks. Each T75 flask contained two to 

three half brains. The flasks were kept in a humidified incubator at 37 °C. The following day, 

the medium was aspirated and the flask was rinsed with PBS. Fresh medium was added and 

the flasks were returned to the incubator and checked twice weekly until they were confluent. 

After 5 – 7 days of culture, a confluent layer of astrocytes was observed and microglia started 
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to proliferate on top of the astrocytic layer. The cultures were then passaged either as mixed 

glial co-cultures, or as separate microglia and astrocyte cultures. 

2.6.3 Subculturing of mixed glial cultures 

When the primary cultures were confluent, the medium was aspirated and the flasks were 

rinsed with PBS before 0.25% trypsin was added. The flasks were then incubated at 37 °C for 

10 minutes until the cells detached. The remaining cells were rinsed off the flask with glial cell 

medium and the cell suspension was gently mixed in a 15 ml tube. The tube was then 

centrifuged at 300 g for 5 minutes before the supernatant was discarded. The cell pellet was 

resuspended and the cells were counted. Cells were seeded onto PDL-treated coverslips and 

well plates at 105 cells/cm2 (106 cells/well in 6-well plates, 2 x 105 cells/well in 24-well plates, 

and 3.5 x 104 cells/well in 96-well plates). The cultures were placed back in the incubator 

overnight and the medium was changed the next day into treatment medium. 

2.6.4 Subculturing of microglia and astrocytes 

2.6.4.1 Microglia cultures 

Microglia begin to proliferate on top of the confluent astrocytic layer. Hence, for pure microglial 

cultures, primary mixed glial cultures were shaken on an orbital shaker for 2 hours and then 

tapped hard to release any microglia. The medium was transferred into a 15 ml tube and the 

flask was rinsed with PBS to harvest any remaining microglia. Thereafter, 0.25% trypsin was 

added to the flasks for subculturing of astrocytes. The microglia suspension was centrifuged 

at 300 g for 5 minutes and the supernatant was discarded. The cell pellet was resuspended 

for cell counting and then diluted in glial cell medium to the appropriate concentration. Cells 

were seeded at 5 x 104 cells/cm2 into PDL-coated plates or coverslips (105 cells/well in 24-well 

plates, and 1.75 x 104 cells/well in 96-well plates). The plates were returned to the incubator 

and the medium was changed the next day to treatment medium. 
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2.6.4.2 Astrocyte cultures 

After lifting of microglia and then addition of 0.25% trypsin, the flasks were incubated at 37 °C 

for 10 minutes until the astrocytes lifted. Thereafter, the cell suspension was transferred into 

a 15 ml tube and the flask was rinsed with glial cell medium before the cell suspension was 

gently mixed. The cell suspension was centrifuged at 300 g for 5 minutes and the supernatant 

was discarded. The cell pellet was resuspended in glial cell medium for cell counting. Cells 

were seeded at 5 x 104 cells/cm2 into PDL-coated plates or coverslips (105 cells/well in 24-well 

plates, and 1.75 x 104 cells/well in 96-well plates). The plates were returned to the incubator, 

and the medium was changed the next day to treatment medium. 

2.6.5 pHrodo phagocytosis assays 

Cx3cr1-GFP+/- glial cells were obtained from pups and cultured as outlined in 2.6.4. Labelled 

AβO1-42 (pHrodo-AβO1-42) was prepared as outlined in 2.2.2. After obtaining either microglia or 

mixed glia cultures in 96-well plates, the cells were treated with the appropriate conditions and 

then immediately placed into a humidified imaging chamber (OKO labs). Images were 

acquired every hour over 24 hours. After 24 hours, the cells were rinsed with PBS and lysed 

with Buffer RLT with beta-mercaptoethanol (β-ME) before the lysates were frozen at –80oC.  

2.6.5.1 Image analysis 

For BV2 microglia phagocytosis assay, bright-field images at the endpoint were thresholded 

and the area of cells was measured. pHrodo area at each timepoint was also thresholded and 

the phagocytic index was determined as the pHrodo area/cell area. This was plotted over 24 

hours. 

For primary glia assays, both GFP and pHrodo images were thresholded and the fluorescence 

area was measured. To obtain the phagocytic index at each timepoint, the pHrodo area was 

divided by the GFP area. This was then plotted over 24 hours. 
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2.7 Western blot 

2.7.1 Sample collection 

2.7.1.1 Cell culture 

6-well plates were rinsed once in ice cold PBS and kept on ice. All PBS was aspirated and 

100 μl of radioimmunoprecipitation assay (RIPA) buffer with phosphatase and protease 

inhibitors was added to each well. The plate was kept on ice while each well was scraped with 

a cell scraper and the lysates were collected into 1.5 ml tubes. The lysates were centrifuged 

at 17 000 g for 20 minutes before the supernatant was transferred to a fresh tube. 5 μl of each 

sample was then diluted in 45 μl of PBS for quantification of protein concentration via Bradford 

assay. 

After samples were equalised, 4x Laemmli buffer with 50 mM dithiothreitol (DTT) was added 

to the samples (30 μl of Laemmli buffer ,LB to 90 μl of sample). The samples were then boiled 

for 10 minutes before being placed on ice. Unused samples were stored at –20 °C until 

immunoblotting. 

2.7.1.2 Tissue 

Mice were perfused with saline and the brain was dissected. Half of the brain was immediately 

snap-frozen in liquid nitrogen and then kept at – 80 °C until further processing. Brains were 

allowed to thaw gently on ice prior to extraction. Ice-cold RIPA buffer with phosphatase and 

protease inhibitors was added at a ratio of 700μl RIPA per 100mg of tissue. The brain was 

minced with scissors before being triturated with a P1000 tip. Brains were kept on ice and 

vortexed occasionally for 30 minutes. Brains were then sonicated on ice for 2 minutes (10 

seconds on 10 seconds off, total 60 seconds sonication time). Samples were centrifuged for 

30 minutes at 4 °C and maximum speed on the centrifuge. Two 360 μl, two 180 μl and two 90 

μl aliquots were made for samples and stored at –80 °C for future analyses. 5μl of each sample 

was used for bicinchoninic acid (BCA). 
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Samples were then equalised with RIPA buffer before 4x Laemmli buffer with 50 mM DTT was 

added to the samples (30 μl of LB to 90 μl of sample). The samples were then boiled for 10 

minutes before being placed on ice. Unused samples were stored at –20 °C until 

immunoblotting. 

2.7.2 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) and transfer 

Samples were loaded onto 4 – 20% mPAGE gels at 30 μg per lane. 4 μl of PageRuler pre-

stained ladder was used. The gel was run with 3-(N-morpholino) propane sulfonic acid (MOPS) 

buffer at 100V for 2 hours until the dye front reached the end of the gel. A polyvinylidene 

difluoride (PVDF) membrane was activated with 100% methanol and placed onto a transfer 

sandwich comprising of the following in order: negative electrode, foam pad, filter paper, gel, 

membrane, filter paper, foam pad, positive electrode. The wet transfer was run at 300 mA for 

60 minutes.  

2.7.3 Immunoblotting 

After the transfer, the membrane was removed from the sandwich and blocked with 5% skim 

milk in PBS-T (PBS with 0.05% Tween-20) for 1 hour at room temperature. Primary antibodies 

were diluted in the blocking buffer. The membrane was then cut according to the molecular 

weights of the proteins of interest and incubated overnight with primary antibody solutions at 

4 °C with gentle rocking. The following day, the primary antibody solution was collected and 

recycled, and the membranes were washed thrice with PBS-T for 10 minutes each on an 

orbital shaker. The corresponding horseradish peroxidase (HRP)-conjugated antibodies were 

diluted in blocking buffer and added to membranes for 1 hour at room temperature. The 

membranes were washed thrice with PBS-T for 10 minutes each on an orbital shaker. The 

membranes were then incubated with the appropriate HRP substrate and visualised with 

Chemidoc XRS. 
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2.8 Reverse Transcription quantitative Polymerase Chain (RT-

qPCR) 

2.8.1 Sample collection and purification  

RNA was collected and purified using the RNeasy minikit (Qiagen, 74104) with genomic DNA 

digest (Qiagen, 79254). Samples were collected with Buffer RLT with β-ME and either 

processed immediately or frozen at –80 °C until RNA purification.  

RNase-free DNase was prepared by adding 10 μl of DNase stock solution to 70 μl of buffer 

RDD per sample and the solution was flicked to mix before being kept on ice. 70% Ethanol 

was added to the lysate at a 1:1 ratio. The mixture was mixed gently with a pipette and then 

transferred to the spin column. The columns were centrifuged at 8000 g for 1 minute and the 

flow through was discarded. 350 μl of buffer RW1 was added to the tubes and the columns 

were centrifuged at 8000 g for 1 minute. The flow through was discarded and the DNase 

solution was added directly to the spin column filter membrane. The columns were incubated 

for 15 minutes at room temperature before 350 μl of buffer RW1 was added and the columns 

were centrifuged at 8000 g for 1 minute. The flow through was discarded and 500 μl of buffer 

RPE was added to the tubes. The columns were centrifuged at 8000 g for 1 minute and the 

flow through was discarded. The RPE wash step was repeated. The columns were then 

centrifuged at 17 000 g with the lids open to air dry the membrane. Nuclease-free water was 

added directly to the membrane and the tubes were incubated at room temperature for one 

minute before RNA was collected by centrifuging the tubes at 8 000 g for 1 minute. The RNA 

was immediately kept on ice. The samples were quantified using a Nanodrop 

spectrophotometer. RNA samples were stored at –80 °C until cDNA synthesis. 

2.8.2 cDNA synthesis 

cDNA was synthesised with the iScriptTM cDNA synthesis kit (BioRad, 1708891) according to 

manufacturer’s recommendations. cDNA was diluted to 1 ng/μl after cDNA synthesis. 
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2.8.3 qPCR 

qPCR primers were designed and purchased from Thermo Fisher, and diluted to 100 μM 

(forward and reverse) working solutions. The sequences used are provided in the appendix. 

qPCR was run with LUNA Universal qPCR (New England Biolabs, M3003). Final 

concentrations of primers were 10 μM or 50 μM (see table 2.8.3) and each reaction contained 

2ng of cDNA. qPCR was run on either Quantstudio5 or Quanstudio3 qPCR machines with the 

following parameters: 

The Cq values were then compared to determine relative gene expression levels. 

2.9 Thioflavin T assay 

Thioflavin T (ThT) stock was prepared by dissolving 500mg of ThT in 78.4 ml of ethanol (20 

mM). 100 μl of ThT stock was added to 900 μl of cold PBS and kept on ice. Galectin-3 was 

dissolved in PBS at a concentration of 500 µg/ml (19.23 µM); Galectin-3 CRD was dissolved 

in PBS at a concentration of 307.7 µg/ml (19.23 µM). Both solutions were kept on ice. A black 

non-binding 96-well plate was used for the assay and was kept on ice until it was placed in 

the shaking incubator. Galectin-3, Galectin-3CRD and PBS were added to the appropriate 

wells in the volumes below: 
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Blank:    10 µl ThT + 90 µl PBS 

Control:   10 µl ThT + 10 µl PBS + 80 µl Aβ42 

2 µg Galectin-3:  10 µl ThT + 4 µl Galectin-3 + 80 µl Aβ42 + 6 µl PBS 

1.23 µg Galectin-3CRD: 10 µl ThT + 4 µl Galectin-3C + 80 µl Aβ42 + 6 µl PBS 

 

Aβ1-42 films prepared as per 2.2.1 were used for thioflavin T assays. One aliquot of Aβ1-42 

monomer (100 μg) was dissolved in 640 μl of ice cold PBS (250ug/ml, 55.38µM). The peptide 

was allowed to re-hydrate and sonicated for 3 minutes. The tube was centrifuged at 17 000 g 

for 5 minutes at 4oC and the supernatant was added to a fresh tube containing 84 μl of 2 mM 

ThT and the tube was flicked to mix. 90 μl of the solution (10 μl ThT + 80 μl Aβ1-42) was added 

to each well. The plate was sealed with optical film and placed into a BMG PHERAstar FSX 

plate reader. Fluorescence signal was monitored at Ex/Em= 440/484 nm every 15 minutes at 

37 ºC with 15 seconds shaking between reads. 
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Chapter 3: The effect of Galectin-3 on hippocampal 

neurogenesis 
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3.1 Galectin-3 is expressed in the hippocampus in WT mice by 

10 weeks of age. 

Galectin-3 expression becomes robust in the brain after brain injury and models of brain 

disease. However, Galectin-3 in healthy mice is below the level of immunodetection in most 

parts of the brain, except notably in the SVZ. In C57Bl6J mice, Galectin-3 expression was 

previously reported to be observed in the hippocampus of 7 month old mice (Tao et al., 2020). 

However, most of the Galectin-3 immunoreactivity appears to be in the CA1 region and it was 

unclear whether there were Galectin-3 expressing (Galectin-3+) cells in the SGZ neurogenic 

niche. Secondly, while the authors show that Galectin-3 was colocalised with ionized calcium-

binding adaptor molecule 1 (IBA1) and not GFAP in middle-aged adults (Tao et al., 2020), it 

was not certain which cells in the SGZ, if any, express Galectin-3. Lastly, it is not known if 

younger adult mice show expression of Galectin-3 in the hippocampus. 

Hence, to address the above questions, I co-immunostained coronal sections of Galectin-3+/+ 

and Galectin-3-/- mice with Galectin-3, IBA1 and GFAP. This allowed me to determine the 

identity of the cells expressing Galectin-3, and to determine if young adult mice express 

Galectin-3. 

Mice from two different cohorts were used: young adults (average age: Galectin-3+/+ 2.61 

months, Galectin-3-/- 2.71 months), or middle-aged (average age: Galectin-3+/+ 7.55 months, 

Galectin-3-/- 7.43 months). Table 3.1 shows the ages of the mice used. 
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Galectin-3+/+ Galectin-3-/- 

Young adult 

Male 

Average 2.47 

Male 

Average 2.82 

n 3 n 3 

SEM 0.23 SEM 0.22 

Female 

Average 2.82 

Female 

Average 2.59 

n 2 n 3 

SEM 0.42 SEM 0.28 

Total 

Average 2.61 

Total 

Average 2.71 

n 5 n 6 

SEM 0.20 SEM 0.17 

  
    

  

Middle-aged 

Male 

Average 7.55 

Male 

Average 7.43 

n 4 n 3 

SEM 0.45 SEM 0.23 

 

Table 3.1: Ages (in months) of Galectin-3+/+ and Galectin-3-/- mice used. In the young adult 

cohort, both male and female mice were used. For middle-aged mice, only males were used. 
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The SVZ has been previously characterised by the lab to have strong Galectin-3 expression 

(Comte et al., 2011). To ascertain that Galectin-3-/- do not express Galectin-3, I immunostained 

sections containing the dorsal ventricles from a subset of the mice. I also performed western 

blot analysis of whole brain lysates on mice from the same colony. 

 

 

 

 

 

 

 

Figure 3.1.1: Verification that Galectin-3 knockout mice do not express detectable levels of 

Galectin-3. (A) Galectin-3 immunoreactivity is observed in the ventricles of Galectin-3+/+ mice 

but not Galectin-3-/- mice. 
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Figure 3.1.2: Galectin-3 is expressed in a small number of cells in the hippocampus of young 

adult mice. Galectin-3+ cells (white arrowheads) are mostly seen in the molecular layer of the 

CA1 in the hippocampus, but can also be seen in the SGZ (B & C), in the molecular layer of 

the CA3 (B) and in the molecular layer of the dentate gyrus (C). Galectin-3+ cells are seen in 

both male (B) and female (C) mice. Scale bars represent 200 μm. 
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In young adult Galectin-3+/+ mice, I found that expression of Galectin-3 can be observed in the 

hippocampus. This was surprising as most work in the lab and field suggested Galectin-3 was 

not expressed in healthy mice. Most of the Galectin-3 immunoreactivity was observed in the 

molecular layer of the CA1 (Figure 3.1.2), with just over half of Galectin-3+ cells residing in 

the CA1. Galectin-3 was also detected with antibodies in the molecular layer of the CA3 and 

DG (Figure 3.1.2B and C) and in the hilus. Importantly, Galectin-3+ cells are present within 

the granule cell layer where newborn neurons are produced and maturing, and within the SGZ 

where NSCs reside. 

 

Co-labelling of Galectin-3 with IBA1 and GFAP shows that in the hippocampus, Galectin-3 is 

almost exclusively expressed by IBA1+ microglia, but a single GFAP+Galectin-3+ cell was 

observed in the CA1. However, since the CA1 is not a neurogenic niche, it is unlikely that the 

Galectin-3+GFAP+ cell observed represents a neural stem cell. Hence, in young adult mice, 

Galectin-3+ cells are restricted to a small number of glial cells and can mostly be found in 

microglia. 

 

In 7 – 9M Galectin-3+/+ male mice, expression of Galectin-3 can be observed in the 

hippocampus. While most of the expression is still seen in the molecular layer of the CA1 

(Figure 3.1.3), Galectin-3 immunofluorescence is also observed just lateral to the granule cell 

layer (GCL) of the DG in the CA3 and in the SGZ of the DG. The density of Galectin-3+ cells 

also appears to be higher in middle-aged mice as compared to younger mice. 
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Figure 3.1.3: Galectin-3+ cells are observed in the hippocampus of middle-aged C57Bl6 mice. 

Most of the Galectin-3 immunoreactivity is observed in the molecular layer of the CA1, but 

Galectin-3+ cells are also seen in the SGZ of the DG. Notably, there are more Galectin-3+ 

cells as compared to younger adults. Scale bar represents 200 μm. 

 

In Galectin-3-/- mice, no Galectin-3 expression is seen in the hippocampus in both young adult 

mice and middle-aged mice (Figure 3.1.4). 

 

As Galectin-3 can be secreted into the extracellular space, microglia in the vicinity of the SGZ 

may release Galectin-3 which could affect neighbouring cells. Additionally, Galectin-3 

transcripts may be detectable by qPCR in the hippocampus even if undetectable by 

immunohistochemistry. As such, I asked if Galectin-3 may act directly on neural stem cells of 

the hippocampus to affect neurogenesis. 
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Figure 3.1.4: Galectin-3 is not expressed in the hippocampus of Galectin-3-/- mice in both 

young adult (A) and middle-aged (B) mice. 

 

3.2 Galectin-3 decreases neural stem cell proliferation but does 

not affect differentiation in vitro 

In the V-SVZ, Galectin-3 is mainly expressed by cells of the neural lineage, including GFAP+ 

NSCs and TAPs cells. However, in various mouse models of AD including 5xFAD (Boza-

Serrano et al., 2019), APP/PS1 (Tao et al., 2020) and Tau22 (Siew et al., 2024) mice, Galectin-

3 expression in the hippocampus is co-localised with IBA1, suggesting expression by microglia. 

In my hands, similar observations were made in C57Bl6 mice (Figures 3.1.2 and 3.1.3). During 

inflammation, Galectin-3 is secreted and can act as a feed-forward signal to further 

chemoattract microglia and macrophages (Sano et al., 2000). Hence, I asked if Galectin-3 or 

its inhibition has a direct effect on hippocampal neurogenesis. 
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3.2.1 Neural stem cell proliferation is decreased by Galectin-3, but is not 

affected by Galectin-3 inhibitor in medium 

Figure 3.2.1: Galectin-3 decreased hippocampal neural stem cell proliferation in vitro. (A) 

SGZ-derived neurospheres treated with Galectin-3 had reduced diameters at day 5 when 

compared to control. (B) No significant changes in neurosphere size was observed when SGZ-

derived neurospheres were treated with the Galectin-3 inhibitor TD-139. 

n = 4, one-way ANOVA with Tukey HSD. Error bars show standard error of the mean (SEM). 

 

After 5 days in treatment medium, the diameters of neurospheres were measured to determine 

if Galectin-3 affected the proliferative capacity of NSCs. As compared to control neurospheres, 

addition of Galectin-3 at both 1 μg/ml and 5 μg/ml decreased neurosphere diameter (p = 0.010, 

one-way ANOVA). Tukey Post-Hoc analysis revealed a dose-dependent effect of Galectin-3, 

with 1 μg/ml Galectin-3 showing no significant effect on neurosphere diameter (p = 0.56, Tukey 

HSD) and 5 μg/ml Galectin-3 showing a decrease in neurosphere diameter (p = 0.0099, Tukey 

HSD). 5 μg/ml Galectin-3 appears to decrease neurosphere diameter by approximately 9%, 

with the 95% CI being (0.87, 0.95). 
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Similarly, diameters of neurospheres after 5 days of treatment with the Galectin-3 inhibitor TD-

139 were measured. Treatment with TD-139 at both 5μM and 10μM did not significantly affect 

neurosphere diameter. (p = 0.3, one-way ANOVA). 

3.2.2 Neural stem cell differentiation is not affected by presence of 

Galectin-3 or Galectin-3 inhibitor in medium 

To determine if Galectin-3 or the Galectin-3 inhibitor TD-139 affects NSC differentiation into 

astrocytes or neurons, the differentiation cultures were fixed 5 days after seeding and 

immunostained for GFAP (astrocytes/NSCs) and β-III-tubulin (neurons). The number of β-III-

tubulin+ and GFAP+ cells were counted and expressed as a percentage of the total number of 

cells (DAPI+).  

 

The proportion of cells expressing either marker was quantified. There was no significant 

difference in the proportion of cells expressing either β-III-tubulin+ (Figure 3.2.2.1; p = 0.67, 

n=3, one-way ANOVA) or GFAP (p = 0.42, n=3, one-way ANOVA). 

 

Similarly, the presence of TD-139 in the medium did not affect the differentiation of neural stem 

cells into their β-III-tubulin+ neurons (Figure 3.2.2.2; p = 0.30, n=3, one-way ANOVA) or GFAP+ 

astrocytes (p = 0.83, n=3, one-way ANOVA). 
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Figure 3.2.2.1: Galectin-3 did not affect neural stem cell differentiation in vitro. (A) GFAP and 

β-III-tubulin immunofluorescence staining of neural stem cells on day 5 of differentiation. Cells 

were treated with control, 1 μg/ml Galectin-3 or 5 μg/ml Galectin-3 in the differentiation medium. 

Scale bar represents 200 μm. (B) Proportion of cells expressing either GFAP or β-III-tubulin 

were compared. No significant difference in the proportion of cells expressing either β-III-

tubulin+ (p = 0.67, n=3, one-way ANOVA) or GFAP (p = 0.42, n = 3, one-way ANOVA). Error 

bars represent SEM. 
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Figure 3.2.2.2: Pharmacological inhibition of Galectin-3 did not affect neural stem cell 

differentiation in vitro. (A) GFAP and β-III-tubulin immunofluorescence staining of neural stem 

cells on day 5 of differentiation. Cells were treated with control, 5 μM TD-139 or 10 μM TD-

139 in the differentiation medium. Scale bar represents 200 μm. (B) Proportion of cells 

expressing either GFAP or β-III-tubulin were compared. No significant difference in the 

proportion of cells expressing either β-III-tubulin+ (p = 0.30, n=3, one-way ANOVA) or GFAP+ 

(p = 0.83, n=3, one-way ANOVA). Error bars represent SEM. 
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3.3 Galectin-3 knockout did not significantly alter adult 

hippocampal neurogenesis in young adult mice on a Sv129 

background 

Since addition of Galectin-3 decreased hippocampal neural stem cell proliferation in vitro, I 

sought to determine if Galectin-3 knockout would alter neurogenesis in adult mice. 

Neurogenesis in the SGZ starts with a radial glia like neural stem cell (NSC, GFAP+) dividing 

and eventually differentiating into neuroblasts (DCX+) and then maturing into post-mitotic 

neurons which reside in the dentate gyrus (NeuN+). I investigated the effect of Galectin-3 

knockout on all three populations.  

 

3.3.1 Galectin-3 knockout did not affect the transient amplifying progenitor 

or neuroblast population in young adult mice 

To investigate the effect of Galectin-3 knockout on the population of transient amplifying 

progenitors (TAPs) and neuroblasts, I immunostained hippocampal sections of coronally 

sectioned brains from Galectin-3+/+ and Galectin-3-/- mice. No significant differences were 

observed between the TAP population (p = 0.267) or the neuroblast population (p = 0.351). 
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Figure 3.3.1: Galectin-3 knockout on a Sv129 background did not affect neuroblast or transient 

amplifying progenitor (TAP) cell populations. (A) Immunofluorescent labelling of DCX+ cells 

did not show a difference between the densities of neuroblasts in Galectin-3+/+ and Galectin-

3-/- mice. Scale bars represent 200 μm. (B) Quantification of DCX+ cell density in the dentate 

gyrus did not show significant differences between Galectin-3+/+ and Galectin-3-/- mice. (C) 

Quantification of MASH1+ cell density in the dentate gyrus did not show significant differences 

in TAP population between Galectin-3+/+ and Galectin-3-/- mice. Scale bars in B and C 

represent 50 μm.  

n = 3 males, Student’s t-test. Error bars represent SEM. 
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3.4 Galectin-3 knockout did not significantly alter hippocampal 

neurogenesis in young adult mice 

To further investigate how Galectin-3 knockout may affect NSC proliferation and differentiation 

in vivo, I generated Galectin-3-/- and Galectin-3+/+ mice from Galectin-3+/- x Galectin-3+/- 

matings. At 2 months, BrdU was given via I.P. injections for 10 consecutive days to label 

dividing cells. Mice were sacrificed by transcardiac perfusion either 10 days (neuroblast cohort, 

NB) or 30 days (label retaining cell cohort, LRC) after the last BrdU dose. 

 

3.4.1 Galectin-3 knockout did not affect slow dividing label retaining cell 

GFAP+ NSCs which divided during the period of BrdU injections but did not further differentiate 

will retain their BrdU labelling (label retaining cells, LRCs). To determine if Galectin-3 knockout 

would increase the LRC population, the density of these double-labelled cells (BrdU+GFAP+) 

were quantified in Galectin-3+/+ and Galectin-3-/- mice of the LRC cohort. In Galectin-3+/+ mice, 

the density was 583.16 + 136.30 cells/mm3, (mean + SEM), while in Galectin-3-/- mice the 

density was 311.67 + 94.62 cells/mm3. There was no significant difference between Galectin-

3+/+ and Galectin-3-/- animals (p = 0.09, Student’s t-test). 
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Figure 3.4.1: (A) BrdU regimen to identify label retaining cells (LRCs) and post-mitotic neurons. 

BrdU was injected daily via i.p. injections at 100mg/kg for 10 days. 30 days after the last BrdU 

injection, the mice were sacrificed. (B & C) Immunostaining of BrdU/NeuN and BrdU/GFAP 

cells in Galectin-3+/+ and Galectin-3-/- hippocampi respectively, with examples of orthogonal 

projections of BrdU+GFAP+ (B’) and BrdU+NeuN+ (B’’ and C’’) cells. Scale bars in (B) represent 

200 µm, scale bars in (C) and (D) represent 10 µm. n = 4 Galectin-3+/+ (3 males, 1 female), n 

= 5 Galectin-3-/- (1 male and 4 females); Student’s t-test. Error bars represent SEM. 
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3.4.2 Galectin-3 knockout trended towards increased neuroblast 

generation in young adult mice 

I generated the samples and collected them. Hannah Rosenheim sectioned 2 of the brains as 

part of her Master’s rotation. Immunostaining was performed together and Hannah performed 

quantification of the images.  

Figure 3.4.2. Figure Legend on the following page. 
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Figure 3.4.2. (A) BrdU regimen to identify neuroblasts and post-mitotic neurons. BrdU was 

injected daily via i.p. injections at 100mg/kg for 10 days. 10 days after the last BrdU injection, 

the mice were sacrificed. (B & C) Immunostaining of BrdU/DCX and BrdU/NeuN cells in 

Galectin-3+/+ and Galectin-3-/- hippocampi respectively, with examples of orthogonal 

projections of BrdU+DCX+ (B’) and BrdU+NeuN+ (B’’ and C’’) cells. Scale bars in (B) represent 

200 µm, scale bars in (C) and (D) represent 10 µm. n = 4 Galectin-3+/+ (3 males, 1 female), n 

= 6 Galectin-3-/- (2 males and 4 females); Student’s t-test. Error bars represent SEM. 

 

To determine if knockout of Galectin-3 alters the neuroblast population in the hippocampus, 

the number of BrdU+DCX+ neuroblasts per volume of dentate gyrus was quantified in both 

Galectin-3+/+ and Galectin-3-/- mice of the NB cohort. In Galectin-3+/+ mice, the density was 

13564.36 + 754.12 cells/mm3 (mean + SEM), while in Galectin-3-/- mice the density was 

16946.83116 + 1603.33 cells/mm3. There was a strong trend towards increased neuroblast 

generation in the Galectin-3-/- mice (p = 0.05416, Student’s t-test). However, interpretation of 

this is limited by the small sample size and the lack of stratification according to sex. 

3.4.3 Galectin-3 knockout did not affect number of post-mitotic neurons 

generated 

To determine if knockout of Galectin-3 alters the generation of post-mitotic neurons in the 

dentate gyrus, I quantified the number of BrdU+NeuN+ neurons per volume of dentate gyrus. 

In the NB cohort, Galectin-3+/+ mice had a density of 13860.16 + 2308.21 (mean + SEM) 

BrdU+NeuN+ cells/mm3 of dentate gyrus while Galectin-3-/- mice had a density of 15797.81 + 

2521.09 BrdU+NeuN+ cells/mm3 of dentate gyrus (Figure 3.4.3 A). 

In the LRC cohort, Galectin-3+/+ mice had a density of 7852.97 + 683.83 BrdU+NeuN+ 

cells/mm3 of dentate gyrus while Galectin-3-/- mice had a density of 6622.04 + 351.11 

BrdU+NeuN+ cells/mm3 of dentate gyrus (Figure 3.4.3 B). 

In both the NB and the LRC cohorts, no significant difference was observed between Galectin-

3+/+ and Galectin-3-/- mice (pexact = 0.2) for both NB and LRC, Mann-Whitney Test). 
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Figure 3.4.3: BrdU+NeuN+ cells densities in the DG of mice with 30 days between the last 

BrdU injection and fixation (A) and 10 days between the last injection and fixation (B). No 

significant differences between the density of post-mitotic neurons were observed in both 

cohorts. 

(A) n = 4 Galectin-3+/+ (3 males, 1 female), n = 6 Galectin-3-/- (2 males and 4 females); (B) n = 

4 Galectin-3+/+ (3 males, 1 female), n = 5 Galectin-3-/- (1 male and 4 females). Mann-Whitney 

Test. Error bars represent SEM. 

3.4.4 Galectin-3 knockout did not affect location of BrdU+/NeuN+ cells 

within the DG 

Granule cells of the dentate gyrus are generated in the SGZ and migrate a small distance into 

the GCL as they mature. To determine if knockout of Galectin-3 alters the position of the 

granule cells within the GCL, I quantified the proportion of BrdU+/NeuN+ cells which remained 

in the SGZ in Galectin-3+/+ and Galectin-3-/- animals using a subset of the images for the above 

analysis. Cells are defined as being in the SGZ if no other cells separate it from the hilus of 

the DG, the remaining cells were defined as being in the GCL (Figure 3.4.4 A and B). 
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Figure 3.4.4: Galectin-3 knockout did not alter the location of BrdU+NeuN+ cells within the GCL. 

(A, B) BrdU+/NeuN+ cells in the dentate gyrus of Galectin-3+/+ mice and Galectin-3-/- mice (A’, 

B’); white arrowheads highlight cells which have migrated into the GCL. (C, D) Proportion of 

BrdU+/NeuN+ cells which have migrated into the GCL. Scale bars represent 200 µm. 

(A) and (C) show data from the NB cohort; n = 4 Galectin-3+/+ (3 males, 1 female), n = 6 

Galectin-3-/- (2 males and 4 females); Student’s t-test. Error bars represent SEM. 

(B) and (D) show data from the LRC cohort; n = 4 Galectin-3+/+ (3 males, 1 female), n = 5 

Galectin-3-/- (1 male and 4 females); Student’s t-test. Error bars represent SEM. 

 

BrdU+/NeuN+ cells in the NB cohort which were sacrificed 10 days after the last BrdU injection, 

18.81 + 3.00 % (n = 4, Mean + SEM) of BrdU+/NeuN+ cells had migrated into the GCL of 

Galectin-3+/+ mice. Similarly, 23.16 + 3.14 % (n = 5) of BrdU+/NeuN+ cells had migrated into 

the GCL of Galectin-3-/- mice. No significant difference was observed between the two groups 

(p = 0.18, Student’s t-test). 

In the LRC cohort which had 30 days between the last BrdU injection and sacrifice, Galectin-

3+/+ mice had 31.18 + 2.55 % of BrdU+/NeuN+ cells in the GCL while Galectin-3-/- mice had 

28.14 + 2.16 % of BrdU+/NeuN+ cells in the GCL. Similarly, no significant difference was 

detected between the two groups (p = 0.20, Student’s t-test). 
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Post-hoc ANOVA testing between the two populations showed that there was indeed an effect 

of cohort (LRC vs. NB) but no effect of genotype on the proportion of BrdU+/NeuN+ cells which 

migrated into the GCL. 

3.5 Galectin-3 knockout in middle-aged mice did not alter 

generation of newborn neurons in WTs 

 Immunostaining and quantification was performed by Zubaida Mukthar as part of her Final 

Year Project (Biology department), under my supervision. 

Figure 3.5: Galectin-3 knockout did not alter generation of neuroblasts in middle-aged mice. 

(A and B) DCX+ cells in the dentate gyrus of 7-month old Galectin-3+/+ (A) and Galectin-3-/- (B) 

mice. Scale bars represent 200 µm. Comparison of the density of DCX+ cells in the dentate 

gyrus reveal no significant differences between Galectin-3+/+ and Galectin-3-/- mice (C). n = 5 

males Galectin-3+/+, n = 6 males Galectin-3-/-; Student’s t-test. Error bars show SEM. 

 

Tao and colleagues showed robust Galectin-3 expression in 7-month old mice (Tao et al., 

2020). I have also showed that in Galectin-3+/+ mice, middle-aged mice show more Galectin-

3 reactivity as compared to young adults. As such, to determine if ageing modulates the effect 

that Galectin-3 has on adult hippocampal neurogenesis, these middle-aged mice were 
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immunostained for DCX (Mean age + SEM were for Galectin-3+/+: 7.4 + 0.16, for Galectin-3-/-: 

7.6 + 0.45; n = 4 each). No significant differences between the neuroblast populations were 

detected between Galectin-3+/+ and Galectin-3-/- mice. 

3.6 Discussion 

3.6.1 Galectin-3 expression is detectable in the hippocampus and SGZ of 

C57Bl6 mice from 10 weeks. 

To my knowledge, this is the first study showing expression of Galectin-3 in young adult mice. 

Previous studies have shown similar patterns of hippocampal Galectin-3 expression in older 

mice (Shin et al., 2025; Tao et al., 2020), with Galectin-3 expression being seen in the CA1 

and the hilus of the dentate gyrus. However, these studies did not examine the neurogenic 

SGZ. Herein, I show that unlike in the SVZ where cells of the neural lineage express Galectin-

3 (Comte et al., 2011), Galectin-3 is expressed by microglia in the SGZ. This suggests that 

Galectin-3 could be performing different roles in the SGZ as compared to in the SVZ. 

3.6.2 On the use of recombinant Galectin-3 and TD-139 over Galectin-3 

overexpression and silencing via nucleofection of plasmids  

To identify the role of Galectin-3 in the SVZ, previous work in the lab nucleofected either 

Galectin-3-targeting short-hairpin or Galectin-3-overexpressing plasmids into neurospheres 

and in vivo postnatally (Al-Dalahmah, Campos Soares, et al., 2020; Al-Dalahmah, Nicholson, 

et al., 2020). In the SVZ, Galectin-3 was expressed in ependymal cells and some astrocyte-

like stem cells. Hence, using nucleofection of constructs to increase or decrease Galectin-3 

expression in neural stem cells to reveal the effects that Galectin-3 had on Wnt and BMP 

signalling in the neural lineage was relevant in the SVZ (Al-Dalahmah, Campos Soares, et al., 

2020; Al-Dalahmah, Nicholson, et al., 2020). However, unlike cells of the neurogenic lineage 

in the SVZ, the neurogenic cells in the SGZ do not express Galectin-3. This is seen from the 

co-localisation of Galectin-3 with IBA1 in the SGZ and GCL of the DG. Similar observations 
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were made throughout the hippocampus in either young or middle-aged mice. Since Galectin-

3+ cells in the hippocampus were not of the neurogenic lineage, and almost all Galectin-3+ 

cells were microglia, I decided that it would be more relevant to investigate the effects that 

secreted Galectin-3 had on neurogenesis by addition of recombinant Galectin-3. 

 

In contexts of injury, astrocytes have been shown to upregulate Galectin-3 (Sirko et al., 2023). 

In the neurosphere assay, astrocytes are present. Hence, I added the Galectin-3 inhibitor TD-

139 into the neurosphere medium to inhibit any Galectin-3 that would be present in the culture 

medium. 

3.6.3 Galectin-3 effects on different neuronal populations 

Galectin-3’s role in SVZ neurogenesis and gliogenesis has been characterised by previous 

work in the Szele lab (Al-Dalahmah, Campos Soares, et al., 2020; Al-Dalahmah, Nicholson, 

et al., 2020; Comte et al., 2011). However, despite several experiments designed to shed light 

on this question, little was known about Galectin-3’s effect on neurogenesis in the SGZ. 

Galectin-3 is upregulated in the hippocampus of various AD mouse models, but in addition to 

being pathologically relevant, Galectin-3 is expressed by microglia in the DG under 

homeostatic conditions, with levels of Galectin-3 also increasing with age (Shin et al., 2025). 

Hence, identifying the effects of Galectin-3 on neurogenesis in the SGZ may represent a 

potential pathway to modulate AHN. 

In my hands, while Galectin-3 treated neurospheres showed reduced proliferation, I did not 

identify an effect of Galectin-3 knockout on the density of dividing NSCs in the hippocampus 

(Figure 3.4.1). While further interrogation of the neural lineage revealed slight increases in 

neuroblasts (Figure 3.4.2), no changes were observed in the densities of post-mitotic neurons 

(Figure 3.4.3). Furthermore, having investigated the density of post-mitotic neurons generated 

during a 10-day BrdU-dosing period at both an early (10 day washout) and late (30 day 

washout), the lack of difference between the densities of BrdU+NeuN+ cells at both time points 

suggest that Galectin-3 knockout also did not affect cell survival. 
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While Galectin-3 did not appear to significantly alter NSC division, or neuroblast and mature 

neuron generation in the SGZ, it could still affect the migration of neurons in the dentate gyrus. 

Cells in the dentate gyrus generated in the SGZ initially project into the inner molecular layer, 

but as they mature and migrate radially into the GCL, their dendrites project further into the 

molecular layer of the dentate gyrus (Radic et al., 2017). Ectopic migration of neurons into the 

hilus has been shown to affect their morphology and maturation (Scharfman et al., 2000). In 

the SVZ and the RMS, Galectin-3 increased neuroblast migration (Comte et al., 2011); I 

observed Galectin-3+ cells in the SGZ, hilus and molecular layer, and since Galectin-3 is 

known to be a secreted protein, it is likely that cells of the neural lineage in the GCL are 

exposed to Galectin-3. As such, the presence of Galectin-3 in the SGZ may affect the 

maturation of granule cells if it modulates the distribution of newly generated neurons in the 

GCL. Quantification of the proportion of BrdU+NeuN+ cells remaining in the SGZ also reveals 

no significant changes in the proportion of cells which have migrated into the GCL between 

Galectin-3+/+ and Galectin-3-/- mice. In conclusion, while Galectin-3 was present in the dentate 

gyrus and SGZ of C57Bl6 mice from 10 weeks, I did not observe any significant effect of 

Galectin-3 knockout on neurogenesis (Soares et al., 2025). 

3.6.4 Discrepancies between in vitro neurosphere assays and in vivo 

mouse models 

In the neurosphere assays, a significant decrease in neural stem cell proliferation as measured 

by neurosphere diameter was observed. However, there were no significant changes to the 

density of the neural lineages in Galectin-3-/- mice compared to their Galectin-3+/+ counterparts 

in vivo. This could be due to the lack of statistical power, low levels of Galectin-3 expression 

in the hippocampus, sex differences in neurogenesis or spatial differences in hippocampal 

neurogenesis. 

 

Furthermore, human recombinant Galectin-3 was used for treatment of murine NSCs, 

whereas mouse NSCs in the DG would have been exposed to mGal-3 in vivo. 
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3.6.4.1 Lack of statistical power 

In the proliferation assay where Galectin-3 treatment decreased neurosphere size, post-hoc 

calculation of statistical power revealed a 1 – β of 0.73, suggesting a slightly underpowered 

study and the possibility of a false positive. Here, one additional replicate would have 

increased the power to a 1 – β value of 0.9. Additionally, the sample sizes of the in vivo 

analyses were low, with between n = 3 to n = 5 animals per genotype for each of the analyses. 

This resulted in 1 – β values of under 0.6, suggesting they were all lacking statistical power. 

For the analysis of the change in neuroblast density, given the observed effect size, n = 10 

per genotype would have been required to achieve the required statistical significance and 

power. Hence, future studies should include larger cohorts. 

3.6.4.2 Low Galectin-3 expression in the hippocampus and DG in WT 

While expression of Galectin-3 is detectable by immunohistochemistry in the hippocampus, 

and specifically in the neurogenic SGZ of the dentate gyrus, this was at much lower levels as 

compared to AD mouse models. Furthermore, the majority of the Galectin-3 expressing cells 

were observed in the CA1 region. Hence, the Galectin-3 knockout mouse models used did not 

appear to have strong differences in the levels of Galectin-3 in the hippocampus compared to 

their wildtype counterparts. The concentration of recombinant Galectin-3 used in the 

neurosphere assay was previously shown to rescue neural rosette formation in human 

embryonic stem cells (Soares et al., 2025). Taken together, these suggest that depletion of 

homeostatic levels of Galectin-3 in wildtype mice may not affect hippocampal neurogenesis. 

 

Compared to healthy controls, AD patients have increased levels of Galectin-3. Various AD 

mouse models show similar increases in Galectin-3 compared to controls (Boza-Serrano et 

al., 2019; Siew et al., 2024; Tao et al., 2020). The same authors have also shown cognitive 

improvements with genetic ablation of Galectin-3 in AD mouse models, without direct evidence 

that this was due to increased hippocampal neurogenesis. While it would be possible to 

compare neurogenesis levels in these mice, Galectin-3 also affects tau aggregation and Aβ 
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plaque formation, both of which could confound the effects, if any, of Galectin-3 on neural stem 

cell proliferation and differentiation. Future studies could investigate the effects of Galectin-3 

knockout on neurogenesis in geriatric mice (24M, where Galectin-3 is expressed at even 

higher levels compared to 12M – approximately twice as much in the hippocampus; (Shin et 

al., 2025)). Another approach could be to overexpress Galectin-3 in the hippocampus either 

via intrahippocampal injections of Galectin-3 or Galectin-3 overexpressing constructs. More 

targeted approaches such as the use of transgenic HexB-Cre driver lines to selectively 

overexpress Galectin-3 in microglia could better mimic the effects of disease on neurogenesis, 

as microglia are the major cell type producing Galectin-3 in neurodegenerative diseases. 

3.6.4.3 Constitutive KO of Galectin-3 vs. inducible systems 

In both the strains of Galectin-3-/- mice used, Galectin-3 was constitutively knocked out. This 

could result in compensatory levels of other Galectins. For instance, knockout of Galectin-1 

has been shown to increase neurogenesis in the SGZ (Imaizumi et al., 2011). Hence, if the 

Galectin-3-/- mice had increased levels of Galectin-1, any changes in neurogenesis due to 

Galectin-3KO could be masked by concurrent increases in Galectin-1. To this end, inducible 

knockout models can be employed. 

3.6.4.4 Sex differences in adult hippocampal neurogenesis 

In the neurosphere assays, NSCs were derived from both male and female neonates. 

Small molecules and genetic perturbations have shown sex-specific effects on SVZ 

neurogenesis (Ruddy et al., 2019; Vancamp et al., 2019).  

I have included both sexes in my study. However, due to the small sample size, it was not 

possible to separately analyse the cohorts. Additionally, in the middle-aged cohort, only males 

were used. As discussed in Chapter 1, males and females have shown differences in 

characteristics of neurogenesis. Hence, future studies should aim to include a larger number 

of animals and to perform analyses both with the sexes combined and separately. 
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3.6.4.5 Dorso-ventral differences in expression of Galectin-3  

In my work, I have only investigated the role of Galectin-3 on neurogenesis in the dorsal 

hippocampus of the mouse, which corresponds to the posterior hippocampus in primates. 

While the dorsal hippocampus is more involved in memory and cognitive functions (Fanselow 

& Dong, 2010), the ventral hippocampus is also affected in AD and mediates the emotional 

changes seen in AD (Spoleti et al., 2022; Xu et al., 2021). I did not investigate the distribution 

of Galectin-3 in the ventral hippocampus, nor did I investigate if Galectin-3 knockout altered 

neurogenesis in the ventral hippocampus. Previous studies have shown region-specific 

changes in neurogenesis after treatment with fluoxetine and JNK inhibitor (Mohammad et al., 

2018; Zhou et al., 2016), both of which increased neurogenesis in the ventral but not the dorsal 

hippocampus. Hence, it will be important for future studies to identify if Galectin-3 knockout 

alters neurogenesis in the ventral hippocampus.  

3.6.5 Use of two different mouse strains 

Galectin-3-/- mice from two different strains (C57Bl6 and 129/SvJ), along with their WT 

littermates were used. This was to ensure that any effects of Galectin-3 knockout on 

neurogenesis was not due to either background strain differences, or targeting construct 

artefacts. 

3.6.5.1 Background strain-dependent effects on AHN 

Differences in baseline levels of AHN have been reported between C57BL/6 and 129/SvJ 

(Clark et al., 2011; Kim et al., 2017), with lower levels of hippocampal neurogenesis (DCX and 

BrdU/NeuN) in 129/SvJ mice (Clark et al., 2011; Kim et al., 2017). One study showed that on 

a C57BL/6 background, MOR-1 knockout enhanced hippocampal neurogenesis by 

decreasing apoptosis (Cominski et al., 2014). However, there was an opposite effect of MOR-

1 KO on the 129S6 background (Cominski et al., 2014). Even for interventions which robustly 

increase neurogenesis across multiple mouse strains such as exercise, the magnitude of 

increase in neurogenesis differs greatly across mouse strains (Clark et al., 2011). 
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3.6.5.2 Targeting construct-dependent effects 

The Lgals3tm1Poi mutation replaced exons 2 – 4 of Galectin-3 with a neomycin cassette, 

resulting in loss of the coding region for the N-terminal and part of the CRD. The Lgals3tm1Ftl 

mutation replaced 0.5kb between intron 4 and exon 5 with a neomycin cassette, disrupting the 

CRD. Targeting constructs may produce off-target effects and may result in production of 

truncated protein isoforms, both of which may confound results. 

Truncated proteins may act as dominant negatives, and the effects seen may be due to gain-

of-functions from the presence of the truncated protein rather than the loss-of-function of 

Galectin-3.  

Nonetheless, both strains have previously been verified to lack Galectin-3 protein. In my hands, 

Galectin-3 is not immunohistochemically detected in the dorsal third ventricles in both strains, 

where ependymal cells strongly express Galectin-3 in WT mice. In the Galectin-3tm1Ftl mice, 

western blots also showed no detectable levels of Galectin-3. Furthermore, the antibody 

chosen detects an epitope on the N-terminal. Taken together, these suggest that the presence 

of off-target effects arising from truncated Galectin-3 is unlikely to have a significant effect in 

my experiments. 

3.6.6 Future directions 

3.6.6.1 Galectin-3 and neurite outgrowth/maturation 

As discussed in 3.6.4.2, low levels of Galectin-3 under homeostatic conditions could account 

for the lack of effect on hippocampal neurogenesis. However, most of the Galectin-3+ cells I 

observed were in the molecular layer of the CA1. Additionally, Galectin-3 knockout increased 

retention of fear memory (Chen et al., 2017) and CA1 neurons have been shown to mediate 

fear conditioning (Tronson et al., 2009). This, together with the fact that Galectin-3 is present 

in molecular layer of CA1 region, where dendrites of CA1 neurons project towards, suggest 

that Galectin-3 knockout may have improved fear retention and increased LTP by altering the 

synapses of CA1 neurons. Furthermore, microglia have been shown to aberrantly 

phagocytose synapses in the context of AD (De Schepper et al., 2023). If Galectin-3 could 
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induce aberrant phagocytosis of synapses, inhibition of Galectin-3 may be able to rescue 

cognitive deficits without having to increase neurogenesis. As stem cell pools diminish with 

age this could offer an alternative for AD therapy in addition to increasing AHN. 

3.6.7 Conclusion 

My work has shown that Galectin-3 potentially decreases proliferation of hippocampal neural 

stem cells without affecting their relative differentiation into neurons or astrocytes. 

It is possible that the cognitive improvements observed from Galectin-3 ablation in a WT or 

AD background could in part be due to increases in neurogenesis. However, as Galectin-3 is 

mostly expressed in the CA1 region of the hippocampus, it is possible that the cognitive 

benefits observed from Galectin-3 knockout are also due to Galectin-3’s effects on mature 

neurons in the hippocampus. Future work should aim to identify whether Galectin-3 knockout 

would alter the complexity of neuronal arborisation in the CA1 region. 
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Chapter 4: The effect of Galectin-3 on Glial cells 
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4.1 Introduction 

4.1.1 Sholl analysis 

Sholl analysis involves first tracing the processes of individual microglia and then quantifying 

the number of intersections at each radius from the soma (Sholl, 1953). Sholl analysis has 

been extensively used to characterise the morphology of neurons and microglia. By comparing 

the differences in branching complexity, inferences can be made about the morphology of 

microglia. While microglia exist on a continuum of states and morphology does not equate to 

function, Sholl analysis can provide an insight into how “activated” these microglia are. 

I performed Sholl analysis using the Simple Neurite Tracer (SNT) plugin in ImageJ. In Galectin-

3+/+ mice, IBA1+ microglial processes were traced from both Galectin-3 expressing (Galectin-

3+) and non-expressing (Gal-3-) cells. Sholl analysis was performed and the number of 

intersections was plotted against the distance from soma. A mixed effects model analysis was 

used to compare the overall differences between the Sholl plots and the number of 

intersections at each radius (Zucco, 2018). A Student’s t-test was also performed for the total 

number of intersections, the soma area, the end radius, Schoenen Ramification Index (SRI), 

and the Sholl regression coefficients (Sholl decay, semi-log). All data passed normality checks 

except for the Sholl decay of 7M Galectin-3-/- mice, where a Mann-Whitney Test was used 

instead of a Student’s t-test. The Schoenen Ramification Index (SRI) (Schoenen, 1982) takes 

the maximum number of intersections at any radius over the number of primary branches, 

giving an overall idea of branching complexity. Usually, a higher SRI indicates more complex 

branching complexity. The Sholl regression coefficient (or Sholl decay) is the rate at which the 

branches decrease (or decay) with increasing distance from the soma; a higher coefficient 

suggests shorter, less complex branching while a lower coefficient usually suggests more 

complex arborisation.  
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4.1.2 Disease associated microglia genes 

Galectin-3 was shown to be upregulated in DAM from 5xFAD mice (Keren-Shaul et al., 2017), 

and also specifically in microglia which have phagocytosed Aβ (Grubman et al., 2021). Given 

that Galectin-3 knockout decreased plaque burden in vivo and reduced inflammatory cytokine 

secretion in vitro (Boza-Serrano et al., 2019), I asked if Galectin-3 modulation could directly 

modulate expression levels of DAM genes. If Galectin-3 modulation is sufficient to regulate 

the expression of DAM genes, it could suggest that Galectin-3 may be an upstream regulator 

of DAM states in vivo. 

4.1.3 Disease associated astrocyte genes 

A subset of astrocytes identified near Aβ plaques the 5xFAD model showed upregulation of 

genes associated with inflammatory signalling and response to toxic compounds (Habib et al., 

2020). Plaque-associated microglia upregulate Galectin-3 (Keren-Shaul et al., 2017), which 

may be secreted. Hence, I sought to determine if exogenous Galectin-3 could alter astrocytic 

expression of DAA genes. 
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4.2 Galectin-3 expressing microglia are not morphologically 

distinct from non-Galectin-3 expressing microglia 

I first asked if Galectin-3 expressing (Gal-3+) microglia exhibit a different morphology as 

compared to non-Galectin-3 expressing (Gal-3-) microglia. I hypothesised that Galectin-3+ 

microglia would be more reactive and thus would have a less ramified morphology, with lower 

branching complexity when compared to neighbouring Gal-3- cells. 

C57Bl6 mice and Galectin-3 knockout mice at young adult (Galectin-3+/+: 2.6 + 0.453 months, 

n = 2 males and n = 3 females; Galectin-3-/-: 2.7 + 0.407 months, n = 3 males and females) 

were used in these analyses. 

 

In WT young adult mice, Galectin-3 expressing microglia are morphologically similar to 

non-Galectin-3 expressing microglia. 

Overall comparisons of the Sholl plots of Gal-3+ microglia with that of Gal-3- microglia 

suggested a difference between the profiles (p = 0.047). Analysis of the number of 

intersections at each radius revealed differences at 10 and 14 μm, but was not significant after 

FDR adjustment of p-values. Additionally, no significant differences were found between the 

Sholl regression coefficient, soma area, end radius, SRI, or the total number of intersections 

of Gal-3+ cells and Gal-3- cells. 

 

Data from statistical analyses can be found in the appendix (Supplementary table 4.2.1). 
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Figure 4.2.1: Morphology of Gal-3+ and Gal-3- microglia in young adult C57Bl6 mice. Gal-3+ 

(A) and Gal-3- (B) microglia can be observed in the hippocampus of young adult mice. (A’) 

and (B’) show orthogonal projections of a single microglia. Scale bars represent 50 μm (A and 

B) and 20 μm (A’ and B’). 
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Figure 4.2.2: Sholl analysis of microglia in young adult C57Bl6 mice show no statistical 

differences between Gal-3- and Gal-3+ cells. (A) Sholl plot of Gal-3+ and Gal-3- microglia. No 

significant differences were observed at any of the radii sampled. (B – F) Statistical analysis 

of the Sholl decay, soma areas, end radii, Schoenen ramification indices and total intersections. 

25 Gal-3+ cells and 21 Gal-3- cells were traced from 5 animals (3 males, 2 females). Mixed 

model analysis was used for the Sholl plots (Zucco, 2018) and Student’s t-test was used for 

statistical analysis of Sholl decay, soma areas, end radii, Schoenen ramification indices and 

total intersections. Error bars show S.E.M. 
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In WT middle-aged male mice, Galectin-3 expressing microglia are morphologically 

similar to non-Galectin-3 expressing microglia. 

 

Figure 4.2.3: Morphology of Gal-3+ and Gal-3- microglia in middle-aged C57Bl6 mice. Gal-3+ 

(A) and Gal-3- (B) microglia can be observed in the hippocampus of middle-aged mice. (A’) 

and (B’) show orthogonal projections of a single microglia. Scale bars represent 50 μm (A and 

B) and 20 μm (A’ and B’).  
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Figure 4.2.4: Sholl analysis of microglia in middle-aged C57Bl6 mice show no statistical 

differences between Gal-3- and Gal-3+ cells. (A) Sholl plot of Gal-3+ and Gal-3- microglia. No 

significant differences were observed at any of the radii sampled. (B – F) Statistical analysis 

of the Sholl decay, soma areas, end radii, Schoenen ramification indices and total intersections. 

11 Gal-3+ cells and 12 Gal-3- cells were traced from 4 animals. Figure legend continued on 

the next page. 
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Figure 4.2.4: (continued from the previous page) Mixed model analysis was used for the Sholl 

plots (Zucco, 2018) and Student’s t-test was used for statistical analysis of Sholl decay, soma 

areas, end radii, Schoenen ramification indices and total intersections. Error bars show S.E.M. 

 

 

While overall comparison of the Sholl curves also suggested a difference (p = 0.043) between 

Gal-3+ and Gal-3- cells, with the number of intersections differing at 12 and 23 μm, FDR 

adjustments again made the difference in number of intersections not significant. As before, 

no significant differences were observed between the sholl decay, SRI, total intersections or 

the end radius of Gal-3+ and Gal-3- cells. Together, these suggest that in middle-aged WT 

male mice, microglia show similar morphology regardless of whether they express Galectin-3. 

Data from statistical analyses can be found in the appendix (Supplementary table 4.2.2). 

 

4.3 In C57Bl6 mice, microglia from young mice do not 

significantly differ from microglia from middle-aged mice 

With increasing age, levels of pro-inflammatory cytokines increase in the brain. Hence, I asked 

if there was a difference in microglial morphology between young C57Bl6 mice as compared 

to middle-aged mice. I hypothesised that with increased age, microglia would show a less 

ramified morphology. 

 

A visual comparison of young and middle-aged C57Bl6 mice show that there is an increase in 

Galectin-3 immunoreactivity in the hippocampus of middle-aged compared to young C57Bl6 

mice (Figures 3.2.2 and 3.2.3). This is mostly due to an increase in the number of Gal-3+ cells 

in the molecular layer of the CA1. 
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Figure 4.3: Sholl analysis of microglia in C57Bl6 mice show no statistical differences between 

microglia from young adult and microglia from middle-aged mice. (A) Sholl plot of microglia 

from young adult and middle-aged mice. No significant differences were observed at any of 

the radii sampled. (B – F) Statistical analysis of the Sholl decay, soma areas, end radii, 

Schoenen ramification indices and total intersections. Figure legend continued on the next 

page. 
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Figure 4.3: (continued from the previous page) 25 cells were traced from three 3M-old male 

mice and 23 cells were traced from four 7M-old male mice. Mixed model analysis was used 

for the Sholl plots (Zucco, 2018) and Student’s t-test was used for statistical analysis of Sholl 

decay, soma areas, end radii, Schoenen ramification indices and total intersections. Error bars 

show S.E.M. 

 

 

A Sholl plot of WT microglia from male mice at 3M and 7M reveals subtle differences, with 7M 

mice having an earlier peak of intersections as compared to 3M mice (Figure 4.2.4). This is 

accompanied with a sharper decline in the number of intersections between 20 – 30 μm from 

the soma. Mixed model analysis also shows an overall difference between the two populations 

(p = 0.0041), with a statistically significant difference between the number of intersections at 

16 μm (p = 0.0305). However, after correction for multiple testing, this was no longer significant. 

Metrics from Sholl analysis do not show significant difference between microglia from young 

and middle-aged WT mice. Analysis of the area under the curve (AUC) of the Sholl profiles 

also did not show significant differences between microglia from young and middle-aged WT 

mice (p = 0.3017). 

Data from statistical analyses can be found in the appendix (Supplementary table 4.3). 

 

4.4 Microglia from Galectin-3-/- mice are more ramified than 

microglia from Galectin-3+/+ mice 

Next, I asked if knockout of Galectin-3 in WT mice would have a similar effect as in 5xFAD 

mice, with reduction in microglia inflammatory response. I hypothesised that Galectin-3-/- mice 

will have microglia with a more ramified morphology and higher branching complexity when 

compared to Galectin-3+/+ mice. Middle-aged mice (Galectin-3+/+: 7.6 + 0.905 months, 

Galectin-3-/-: 7.4 + 0.330 months; n = 4 males each) were used for these analyses. 
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Galectin-3 knockout in young adult mice increased branching complexity. 

 

 

Figure 4.4.1: Representative immunofluorescent images of microglia in Galectin-3+/+ and 

Galectin-3-/- mice. Gal-3+ (A) and Gal-3- (A’) microglia in young adult Galectin-3+/+ mice and 

microglia in Galectin-3-/- young adult mice (B). Gal-3+ (C) and Gal-3- (C’) microglia in middle-

aged Galectin-3+/+ mice and microglia in Galectin-3-/- young adult mice (D). Scale bars 

represent 50 μm. 
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Figure 4.4.2: Sholl analysis of microglia in young adult mice show slight differences between 

microglia from the hippocampi of Galectin-3+/+ and Galectin-3-/- young adult mice. (A) Sholl 

plot of microglia from Galectin-3+/+ and Galectin-3-/- mice. No significant differences were 

observed at any of the radii sampled. (B – F) Statistical analysis of the Sholl decay, soma 

areas, end radii, Schoenen ramification indices and total intersections. Microglia from 
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Galectin-3-/- mice had smaller Sholl regression coefficients as compared to microglia from 

Galectin-3+/+ mice. . Figure legend continued on the next page. 

Figure 4.4.2: (continued from the previous page) 47 cells were traced from five Galectin-3+/+ 

mice (3 males, 2 females) and 19 cells were traced from six Galectin-3-/- mice (3 males, 3 

females). Mixed model analysis was used for the Sholl plots (Zucco, 2018) and Student’s t-

test was used for statistical analysis of Sholl decay, soma areas, end radii, Schoenen 

ramification indices and total intersections. Error bars show S.E.M. 

 

Analysis of the merged Sholl curves of Galectin-3-/- and Galectin-3+/+ mice reveal significant 

differences between microglia (p = 0.0043). While microglia from Galectin-3-/- mice show 

reduced number of intersections between 14 – 21 μm, this was not statistically significant after 

FDR corrections. Interestingly, this is reflected in the difference in Sholl regression coefficients, 

where microglia from Galectin-3-/- mice showed smaller Sholl decay compared to microglia of 

Galectin-3+/+ mice (p = 0.032). While none of the other metrics were significantly different 

between Galectin-3+/+ and Galectin-3-/-, analysis of the microglia from male mice alone reveals 

even larger differences in Sholl decay. Together, these suggest that knockout of Galectin-3 in 

wildtype young adult mice may have a small effect on microglia morphology, with microglia 

from Galectin-3-/- mice having slightly more complex branching. 

Data from statistical analyses can be found in the appendix (Supplementary table 4.4.1). 
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Galectin-3 knockout results in more ramified microglia morphology in middle-aged 

male mice. 

The number of Galectin-3+ microglia increases in 7M mice as compared to 3M mice. Hence, 

I asked if there would be a greater effect of Galectin-3 knockout on microglia morphology in 

middle-aged mice. Mixed model analysis of the Sholl curves did not reveal a significant 

difference between microglia of Galectin-3+/+ and Galectin-/- mice. While no significant 

difference were observed in the SRI and total number of intersections, microglia from Galectin-

3-/- mice show decreased Sholl decay and increased end radii as compared to microglia from 

Galectin-3+/+ mice (p = 0.016 and p = 0.044 respectively). 

Data from statistical analyses can be found in the appendix (Supplementary table 4.4.2). 

 

 

Figure 4.4.3 (Figure on next page): Sholl analysis of microglia in middle-aged mice show 

differences between morphology of microglia from Galectin-3+/+ and Galectin-3-/- mice. (A) 

Sholl plot of microglia from Galectin-3+/+ and Galectin-3-/- middle-aged mice. No significant 

differences were observed at any of the radii sampled. (B – F) Statistical analysis of the Sholl 

decay, soma areas, end radii, Schoenen ramification indices and total intersections. Microglia 

from Galectin-3-/- mice had smaller Sholl regression coefficients (B), decreased soma size (C), 

and increased terminal branch radii (D) as compared to microglia from Galectin-3+/+ mice. 

 

11 cells were traced from four Galectin-3+/+ male mice and 12 cells were traced from four 

Galectin-3-/- male mice. Mixed model analysis was used for the Sholl plots (Zucco, 2018) and 

Student’s t-test was used for statistical analysis of Sholl decay, soma areas, end radii, 

Schoenen ramification indices and total intersections. Error bars show S.E.M. 
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Figure 4.4.3: Sholl analysis of microglia in middle-aged mice show differences between 

morphology of microglia from Galectin-3+/+ and Galectin-3-/- mice. 
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4.5 The effect of Galectin-3 knockout on DAM gene expression 

4.5.1 Galectin-3 knockout did not alter DAM gene expression in primary 

murine microglia 

Gene expression levels (relative to housekeeping genes beta-actin and Hprt) for various DAM 

genes, homeostatic microglia genes and pro-inflammatory cytokine genes were compared 

between Galectin-3+/+ and Galectin-3-/- microglia. No significant differences were observed 

between genes upregulated in AD microglia (Tyrobp, Lpl and Cst7; Figure 4.5.1 A – C), genes 

downregulated in AD microglia (Hexb, P2ry12 and Cd33; Figure 4.5.1 D – F), or pro-

inflammatory cytokine genes (Il6 and Tnfa; Figure 4.5.1 G and H). Other DAM genes were 

also compared and can be found in appendix (Supplementary figure 4.5). 
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Figure 4.5.1 Gene expression levels of selected disease-associated and homeostatic genes 

in primary murine microglia. Relative gene expression levels of genes upregulated in DAM (A 

– C). No significant differences were observed between Galectin-3 WT and Galectin-3 KO 

microglia. Similarly, no significant differences were observed in the expression of homeostatic 

microglia genes (D – F). Levels of pro-inflammatory cytokine Il6 and Tnfa expression were 

also similar between Galectin-3 WT and Galectin-3 KO microglia. 

n = 3, Student’s t-test was used for statistical analyses. Error bars show S.E.M. 

 

4.5.2 Treatment of BV2 microglia with Galectin-3 or TD-139 did not affect 

expression of DAM genes 

Treatment of cells, purification of RNA and RT-qPCR was performed by Sofia Savastano as 

part of her Master’s Thesis (department of Biochemistry) under my supervision. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.2: Treatment of BV2 microglia with Galectin-3 or its inhibitor TD-139 did not alter 

expression of disease associated microglial genes. 

n = 3, one-way ANOVA was used for statistical analyses. Error bars show S.E.M. 
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To determine if exogenous Galectin-3 would affect levels of disease associated microglia 

(DAM) gene expression, the microglial cell line BV2 was used. BV2 microglia were treated 

with either Galectin-3 or Galectin-3 inhibitor TD-139 for 24 hours before the lysate was 

collected and RNA purified. qPCR was run for the DAM genes Cst7, Lpl, Apoe, Trem2, Ctsb 

and Ctsz (Figure 4.5.2). No significant differences were seen in expression of the genes. Other 

DAM genes were also compared and can be found in appendix (Supplementary figure 4.6). 

4.6 The effect of Galectin-3 modulation on Disease Associated 

Astrocyte (DAA) gene expression 

4.6.1 Exogenous Galectin-3 increased expression of a subset of DAA 

genes in primary murine astrocytes 

While treatment with AβO1-42 only significantly increased expression of Clu and Gsn (p = 0.009 

and p = 0.0004 respectively), Galectin-3 treatment increased expression of Clu, Fxyd1, Gsn 

and Serpina3 (p = 0.015, p = 0.038, p = 0.0002, and p = 0.019 respectively). 
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Figure 4.6.1: Treatment of primary murine astrocytes with Galectin-3 increased expression of 

a subset of Disease Associated Astrocyte genes. 

n = 3. one-way ANOVA was used for statistical analyses. Error bars show S.E.M. 
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4.7 Discussion 

4.7.1 Galectin-3 expression did not alter microglial morphology in young 

or middle-aged C57Bl6 mice 

To my knowledge, this is the first quantitative analysis of the effect Galectin-3 has on microglia 

morphology in the mouse brain. Previously, work by Reichert and Rotshenker showed that 

Galectin-3 knockdown in primary murine microglia increased ramification of microglia while 

decreasing phagocytosis. In their work, Galectin-3-/- microglia, or microglia with Galectin-3 

knockdown had almost five-fold smaller soma size, and a more ramified morphology (Reichert 

& Rotshenker, 2019). However, they had also previously reported not detecting Galectin-3 

expression by microglia under homeostatic conditions (Reichert & Rotshenker, 1999). 

 

In my hands, I saw expression of Galectin-3 by microglia under homeostatic conditions in the 

hippocampus. Interestingly, on a WT background, Galectin-3 expressing microglia in young 

adult or middle-aged mice are morphologically indistinguishable from non-Galectin-3 

expressing microglia (Figures 4.2.2 and 4.2.4). Sholl analysis revealed that Gal-3+ and Gal-

3- microglia have similar Sholl profiles. The Sholl regression coefficients were also not 

significantly different, showing that the density of processes as a function of distance from 

centre of the cell body (or the decay rate of the processes) did not change with Galectin-3 

expression. Soma areas were also similar between Gal-3+ and Gal-3- microglia. The Schoen 

ramification index is the ratio between the maximum number of intersections and the number 

of primary branches, hence giving a measure of the maximum branching complexity arising 

from the primary branches. With decreased ramification suggestive of more reactive microglia, 

a lower SRI will hence be suggestive of microglia of a more reactive state. Since Gal-3+ and 

Gal-3- microglia had similar SRI, it suggests similar branching complexities. The end radii 

measures the length of the furthest process, while the total intersection measures the sum of 

all processes that intersect at the defined radii. The lack of change between these metrics 
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suggests that Gal-3+ and Gal-3- microglia have similar process lengths and amounts of 

branching. 

In AD models such as the 5xFAD or APP/PS1, Gal-3+ microglia in mostly cluster around Aβ 

plaques, and appear with more amoeboid morphologies (Boza-Serrano et al., 2019; Tao et al., 

2020). This contrasts with Gal-3+ microglia observed in my C57Bl6 mice. While I did not 

observe morphological changes between Gal-3+ and Gal-3- microglia, morphology does not 

inform of the exact functional state of microglia. Hence, it is possible that Gal-3+ microglia 

under homeostatic conditions may represent a different microglial state as compared to Gal-

3+ under disease conditions. For instance, Gal-3+ microglia in the Tau22 model expressed 

CD68 at higher levels than Gal-3- microglia (Siew et al., 2024). Comparison of the proportion 

of CD68+ cells which are either Gal-3+ or Gal-3- may reveal if Galectin-3 expression has 

differing roles in pathology compared to under homeostatic conditions. Similarly, comparison 

of markers of more activated microglia such as Il-1β could reveal if Gal-3+ microglia are poised 

towards activation in WT mice. 

4.7.2 Galectin-3 knockout increases microglial ramification in middle-aged 

male mice, and to a smaller extent in young adult male mice. 

Classically, de-ramified microglia have been associated with a more reactive and phagocytic 

state. In both young adults and middle-aged mice, microglia from Galectin-3-/- mice show 

increased branching complexity as compared to microglia from Galectin-3+/+ mice.  Galectin-

3 is classically considered to be pro-inflammatory and is upregulated in various 

neurodegenerative diseases where neuroinflammation is present. As there is an increase in 

the amount of Galectin-3-immunoreactivity between middle-age and young adult mice 

(Figures 3.1.2 and 3.1.3), this suggests that there could be more Galectin-3 present in middle-

aged brains as compared to young adult brains, which could contribute towards a more pro-

inflammatory environment. This is reflected in the comparison of morphology between middle-

aged Galectin-3+/+ and Galectin-3-/- mice, where the effect of Galectin-3 knockout on 

morphology is stronger. 
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In the 7-month old cohort, Galectin-3 knockout resulted in microglia with smaller Sholl 

regression coefficient, suggesting increased complexity of branching at larger distances from 

the cell body. Taken together with increased end radius, these suggest longer branches with 

more complex branching in the Galectin-3 knockouts. Lastly, microglia from Galectin-3-/- mice 

also have decreased soma area as compared to microglia from Galectin-3+/+ mice. While the 

effect of Galectin-3 knockout on Sholl decay was underpowered (1 – β = 0.56), both the soma 

area and the end radii analyses had 1 – β > 0.8, suggesting strong effect of Galectin-3 

knockout on these metrics. 

Taken together, my results suggest that the presence of Galectin-3 alters microglia 

morphology in a non-cell autonomous manner.  Knockout of Galectin-3 resulted in microglia 

with more ramified, and less reactive morphology, hence supporting the model that Galectin-

3 may promote increased microglial reactivity. However, morphology does not fully inform of 

the state of microglia in vivo. Further analysis such as quantification of the proportion of 

microglia expressing CD68 in Galectin-3-/- and Galectin-3+/+ mice will provide better 

understanding of the effect that Galectin-3 has on microglial activation under homeostatic 

conditions. 

4.7.3 Galectin-3 did not significantly alter disease associated microglial 

gene expression in vitro 

If Galectin-3 were a primary upstream regulator of DAM gene expression, its manipulation 

would be expected to induce transcriptional changes. However, modulation of Galectin-3, 

either through genetic deletion or exogenous treatment, did not significantly alter the 

expression of DAM genes in primary murine microglia or BV2 cells. This suggests that 

Galectin-3 alone is not sufficient to drive DAM-like transcriptional signatures in microglia under 

normal culture conditions. This is consistent with previous findings in primary murine microglia 

from Galectin-3+/+ and Galectin-3-/- mice which showed that microglia only exhibited significant 

changes in pro-inflammatory cytokine secretion when challenged with Aβ fibrils or with LPS 

(Boza-Serrano et al., 2019). 
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4.7.4 Galectin-3 altered expression of Disease Associated Astrocyte (DAA) 

genes in vitro 

Serpina3 is a serine protease inhibitor. Interestingly, a polymorphic form of Serpina3 found in 

the SAMP8 mouse model which has characteristics of AD maintains Aβ in the more toxic 

oligomeric form (Akbor et al., 2021), with the normal variant also exhibiting similar, albeit 

weaker, effects. 

In contrast to the lack of effect which Galectin-3 had in microglia, treatment of primary murine 

astrocytes with either Galectin-3 or TD-139 altered expression of DAA genes. Treatment of 

astrocytes with AβO1-42 increased expression of several DAA genes including Clusterin and 

Gelsolin. However, while AβO1-42 alone did not significantly increase expression of Serpina3 

or Fxyd1, Galectin-3 alone was sufficient to increase its expression. This suggests that a 

subset of the DAA genes could potentially be induced by Galectin-3 in vitro without exogenous 

Aβ. 

Overall, these findings suggest that Galectin-3 can directly modulate expression of disease 

associated astrocytic genes seen in AD models such as 5xFAD. Given Galectin-3’s role in 

inflammation, these results support a model in which Galectin-3 contributes to astrocytic 

activation. 

However, this analysis does not conclude that Galectin-3 functionally activates astrocytes, nor 

that Galectin-3 can establish the induction of a full DAA phenotype. Changes in gene 

expression do not always correspond to protein level changes. Next, as compared to 

astrocytes in vivo, cultured astrocytes do not receive key environmental inputs including 

neuronal and microglial interactions. Hence, the observed DAA gene expression changes 

reflect partial, context-dependent activation of astrocytic pathways. Future work should first 

identify if Galectin-3 modulation can alter levels of DAA in the brain, and if Galectin-3 can alter 

astrocyte functions using electrophysiological measurements. 
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4.7.5 Limitations and future work 

4.7.5.1 Use of BV2 microglia 

The main advantage of using the BV2 cell line over primary microglia is the increased 

homogeneity of cultures. Primary murine microglia are derived from primary mixed glial 

cultures, which were in turn obtained from neonatal brain tissue. As such, they may have been 

exposed to varying levels of stimuli such as neuronal debris from the isolation process. While 

characterisation of the cultures was performed to show that microglial cultures comprised of 

IBA1 expressing cells, there may also be batch variations across cultures and contamination 

with other cell types. Lastly, microglia are also heterogeneous across brain regions, with 

region-specific transcriptional signatures (Tan et al., 2020). In contrast, BV2 cells are derived 

from murine microglia immortalised with retrovirus carrying raf/v-myc (Blasi et al., 1990). They 

are not exposed to debris from the cell extraction process and are a homogeneous population. 

However, microglia immortalised by inducible expression of oncogenes expressed lower 

levels of homeostatic genes (Yeh et al., 2025). BV2 cells are immortalised, and express higher 

levels of cell cycle and DNA damage related genes (He et al., 2018). Hence, they may 

represent less mature microglia compared to primary microglia. Furthermore, primary 

microglia exhibited a stronger response to pro-inflammatory stimuli and weaker chemotactic 

response to C5a as compared to BV2 microglia (He et al., 2018). Together, these suggest a 

baseline level of activation in BV2 microglia as compared to primary microglia. Hence, the 

effects of Galectin-3 modulation may have been masked by the high baseline level of 

activation in BV2 microglia. The lack of change in DAM gene expression in BV2 cells may not 

have been due to a lack of effect of Galectin-3 on the DAM transcriptional programme. 

Nonetheless, the reduced variability of BV2 cells compared to primary microglia provides 

clearer detection of treatment effects, which can then be confirmed in other model systems. 

Additionally, BV2 cells are highly proliferative as compared to primary microglia, providing 

scalability while reducing animal use in research. Future work looking at the effects of 
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Galectin-3 in BV2 cells should be cross-validated in other model systems to ensure the 

robustness of the observed phenotype. 

4.7.5.2 Limitations of in vitro gene expression analyses 

Primary murine microglial cultures exhibit increased baseline levels of reactivity compared to 

microglia in vivo (Cadiz et al., 2022), with increased expression of DAM genes in cultured 

microglia compared to freshly isolated microglia (Cadiz et al., 2022). This pre-activated state 

may be less sensitive to Galectin-3 modulation, limiting the ability to detect changes in DAM 

gene expression. Consequently, while the results suggest that Galectin-3 is not sufficient to 

initiate DAM transcriptional signatures in vitro, it does not exclude a role for Galectin-3 in 

regulating microglial states in vivo. Future work should explore the use of TGFβ and 

decreasing the amount of sera present to decrease baseline reactivity of cultured microglia. 

 

Primary astrocytic cultures have similar constraints as microglial cultures, including pre-

activation and possible contamination with other cell types. The presence of other cell types 

may also confound interpretation of the results as Galectin-3 may have increased expression 

of DAA genes indirectly. To exclude this possibility, immunopanning or cell sorting should be 

employed in future studies. This can be performed at the first passage before the astrocytes 

are plated for treatments to obtain a purified astrocytic culture. Decreased serum levels, 

including serum-free culture conditions should also be explored for future work (Prah et al., 

2019). Alternatively, stem-cell derived astrocytes can be generated from human iPSCs or 

ESCs and cultured under defined conditions to further improve relevance. 
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Chapter 5: Galectin-3 increases microglial 

phagocytosis of pHrodo-Aβ1-42 via astrocyte 

secreted factors 
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5.1 Introduction 

Galectin-3 has been shown to induce Aβ deposition in WT mice, and knockout of Galectin-3 

has decreased Aβ plaque load in 5xFAD and APP/PS1 mouse models (Boza-Serrano et al., 

2019; Tao et al., 2020). The authors have shown that Galectin-3 directly binds to Aβ and 

promoted the formation of Aβ fibrils (Tao et al., 2020). However, less is known about the effect 

that Galectin-3 has on clearance of Aβ. Microglia are responsible for Aβ clearance in vivo, and 

microglia in various models of AD have increased Galectin-3 expression (Keren-Shaul et al., 

2017; Krasemann et al., 2017), and more specifically microglia from 5xFAD mice which have 

phagocytosed Aβ plaques also upregulate Galectin-3 (Grubman et al., 2021).  

 

While intracellular Galectin-3 has been shown to promote phagocytosis in macrophages 

(Sano et al., 2003), extracellular Galectin-3 has not been shown to have a similar effect. While 

preliminary data from the Mead lab suggested that treatment of hiPSC-derived macrophages 

with Galectin-3 could decrease their phagocytic capacity for apoptotic neurons (Mead lab, 

personal communication), it has not been well characterised whether Galectin-3 would 

increase or decrease phagocytosis of Aβ. Hence, I asked if treatment of microglia with 

Galectin-3 or its inhibitor would alter phagocytosis of AβO1-42. 

  



109 
 

5.2 Oligomerisation of Beta-Amyloid and Characterisation by 

western blot and transmission electron microscopy (TEM) 

Oligomers of Aβ1-42 (AβO1-42) were prepared as described in Chapter 2. They were then used 

for treatment of cultures, or labelled with pHrodo-SE (pHrodo-AβO1-42) for use in phagocytosis 

assays. To characterise the species of Aβ in my preparations, I sent an aliquot of the 

preparations for TEM. Samples sent were prepared in the same manner as those used in 

cultures (i.e. same number of freeze-thaw cycles). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Transmission electron microscopy of AβO1-42 (A) and pHrodo-AβO1-42 (B). 

Oligomers and short fibrils can be seen in both unlabelled (A) and pHrodo-labelled (B) 

oligomers. 
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5.3 Addition of Galectin-3 or its inhibitor to microglial cultures did 

not alter phagocytosis of pHrodo-AβO1-42 

pHrodo-conjugated Aβ only fluoresces under low pH conditions and hence the presence of 

pHrodo signal suggests phagocytic uptake into lysosomes. The phagocytic index, defined as 

the pHrodo fluorescence area divided by cell area was plotted over 24 hours. 

 

To determine if Galectin-3 treatment altered phagocytosis of AβO1-42, I treated murine microglia 

with either: 

1) 5 μM pHrodo-AβO1-42 alone (5 μM Aβ) 

2) pHrodo-AβO1-42  + 5 μg/ml Galectin-3 (5 μM Aβ + 5 μg/ml Galectin-3), or 

3) pHrodo-AβO1-42 + 10 μM TD-139 (5 μM Aβ + 10 μM TD-139). 

5.3.1 Galectin-3 did not alter phagocytosis of pHrodo-AβO1-42 by BV2 

microglia 

Assays were performed by Sofia Savastano as part of her final year Biochemistry dissertation, 

under my supervision. 

 

In the murine microglial cell line BV2, treatment with both Galectin-3 or its inhibitor TD-139 did 

not alter phagocytosis of pHrodo-AβO1-42. This was seen both at the 24 hour endpoint (p = 

0.67) and over 24 hours (AUC, p = 0.72). 
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Figure 5.3.1 Addition of Galectin-3 or Galectin-3 inhibitor TD-139 did not alter phagocytosis of 

pHrodo-AβO1-42 in BV2 microglial cultures. Figure legend continued on next page. 
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Figure 5.3.1 Legend continued from previous page. (A – C) pHrodo fluorescence in BV2 

microglia at 24 hours post treatment with 5 µM pHrodo-AβO1-42 (A), 5 µM pHrodo-AβO1-42 and 

5 µg/ml Galectin-3 (B), and 5 µM pHrodo-AβO1-42 and 10 µM TD-139 (C). (A’ – C’) pHrodo is 

observed within the BV2 cells (brightfield). (D) Change in Phagocytic Index (pHrodo area/GFP 

area) over time. No significant difference was seen between the conditions. (E) Phagocytic 

index at 24 hours post treatment. One-way ANOVA showed no significant difference was 

observed between the conditions. (F) Area under curve analysis over 24 hours. No significant 

difference was seen between the conditions with one-way ANOVA. n = 4 replicates, scale bars 

represent 200 μm, and error bars show SEM. 

5.3.2 Galectin-3 did not alter phagocytosis of pHrodo-AβO1-42 by primary 

murine microglia from Cx3cr1-GFP+/- mice 

To determine if primary microglia responded differently than the microglial cell line, I then 

extracted glia from Cx3cr1-GFP+/- mice. At passage 1, the cultures were shaken on an orbital 

shaker, tapped, and then rinsed to isolate microglia, which were seeded at 50 k cells/cm2. 

Cultures were rinsed with PBS the following day and treated with the same conditions as 

before. The phagocytic index at the end was compared to determine if there were differences 

in the amount of pHrodo in microglia at the endpoint, and the area under the curve was 

compared to determine changes to the amount of phagocytosis which occurred over 24 hours. 

No significant differences were observed in the amount of phagocytosis across the conditions 

at the endpoint or over 24 hours (one-way ANOVA, p = 0.39 and p = 0.12 respectively).  

In conclusion, Galectin-3 or its inhibition did not significantly alter phagocytosis of Aβ oligomers 

in microglial cultures. 
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Figure 5.3.2 Addition of Galectin-3 or Galectin-3 inhibitor TD-139 did not alter phagocytosis of 

pHrodo-AβO1-42 in primary microglial cultures. Figure legend continued on next page. 
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Figure 5.3.2 Legend continued from previous page. (A – C) pHrodo fluorescence in CX3CR1-

GFP+/- microglia at 24 hours post treatment with 5 µM pHrodo-AβO1-42 (A), 5 µM pHrodo-AβO1-

42 and 5 µg/ml Galectin-3 (B), and 5 µM pHrodo-AβO1-42 and 10 µM TD-139 (C). (A’ – C’) 

pHrodo is observed within GFP+ cells. (D) Change in Phagocytic Index (pHrodo area/GFP 

area) over time. No significant difference was seen between the conditions. (E) Phagocytic 

index at 24 hours post treatment. One-way ANOVA showed no significant difference was 

observed between the conditions. (F) Area under curve analysis over 24 hours. No significant 

difference was seen between the conditions with one-way ANOVA. n = 3 replicates, scale bars 

represent 200 μm, and error bars show SEM. 

5.4 Galectin-3 mediates microglial phagocytosis of pHrodo-

AβO1-42 in mixed glial cultures 

As astrocytes have been shown to contribute towards phagocytosis of Aβ in vivo, I asked if 

Galectin-3 or its inhibition would affect phagocytosis of AβO1-42 in cultures of microglia and 

astrocytes derived from Cx3cr1-GFP+/- mice. Using the same treatment parameters before, 

mixed glial cultures were treated either with 5 µM pHrodo-AβO1-42 alone (Figure 5.4A), or 

together with 5 µg/ml Galectin-3 (Figure 5.4B) or 5 µM pHrodo-AβO1-42 and 10 µM TD-139 

(Figure 5.4C). The phagocytic index was plotted over 24 hours and a one-way ANOVA was 

performed on the phagocytic index at 24 hours and the amount of phagocytosis over 24 hours 

(AUC). A significant difference was observed between the groups at 24 hours (Figure 5.4E, p 

= 0.0002), with Tukey post-hoc test showing a significant decrease in phagocytosis between 

TD-139 treated cultures and Galectin-3 treated cultures (p = 0.00002), and between control 

and TD-139 treated cultures (p = 0.0002). Similarly, comparison of the amount of phagocytosis 

over 24 hours show a significant difference between groups (Figure 5.4F, p = 0.03), with 

significantly decreased phagocytosis in TD-139 treated cultures as compared to Galectin-3 

treated cultures. 
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Furthermore, pHrodo was seen exclusively co-localising with GFP, suggesting that while 

astrocytes contributed towards the Galectin-3 mediated increase in phagocytosis, they did not 

themselves phagocytose detectable amounts of pHrodo-AβO1-42. This suggests that Galectin-

3 could have stimulated a contact-based astrocyte-microglia interaction or production of 

secreted factors from astrocytes. 

 

 

 

 

Figure 5.4 Figure on following page. (A – C) pHrodo fluorescence in CX3CR1-GFP+/- mixed 

glia at 24 hours post treatment with 5 µM pHrodo-AβO1-42 (A), 5 µM pHrodo-AβO1-42 and 5 

µg/ml Galectin-3 (B), and 5 µM pHrodo-AβO1-42 and 10 µM TD-139 (C). (A’ – C’) pHrodo is 

observed within GFP+ cells, suggesting phagocytosis occurred in microglia and not astrocytes. 

(D) Change in Phagocytic Index (pHrodo area/GFP area) over time. Galectin-3 treated 

cultures showed a higher amount of phagocytosis compared to control cultures, and TD-139 

treated cultures showed lower amount of phagocytosis. (E) Phagocytic index at 24 hours post 

treatment. One-way ANOVA showed significant difference between the conditions, with Tukey 

post-hoc test showing that TD-139 treated cultures had decreased phagocytic index. (F) Area 

under curve analysis over 24 hours. Significant difference was seen between the conditions 

with one-way ANOVA, with Galectin-3 treated cultures showing increased phagocytosis over 

24 hours as compared to TD-139 treated cultures. n = 3 replicates, scale bars represent 200 

μm, and error bars show SEM. 
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Figure 5.4 Addition of Galectin-3 increased, while addition of Galectin-3 inhibitor TD-139 

decreased microglial phagocytosis of pHrodo-AβO1-42 in mixed glial cultures. Figure legend on 

previous page. 
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5.5 Galectin-3 increases microglial phagocytosis of pHrodo-

AβO1-42 through astrocyte secreted factors 

The results from 5.3 and 5.4 when taken together suggest that microglia alone do not respond 

to the presence of exogenous Galectin-3 in the medium, but when in co-culture with astrocytes, 

exogenous Galectin-3 could have either increased secreted factors from astrocytes which 

aided microglial phagocytosis, or did so through a contact-based interaction. To determine if 

Galectin-3 induced astrocyte-secreted factors were sufficient to increase microglial 

phagocytosis of pHrodo-AβO1-42, I first obtained primary astrocytes from Galectin-3-/- neonates 

and cultured them as before. At passage 1, cells were seeded onto 24-well plates at 200k 

cells/well and cultured for 1 day before medium was changed to the treatment medium. 

Astrocytes were treated with control astrocyte conditioned medium (CT Ast CM) or Galectin-3 

(Galectin-3 Ast CM) for 24h and the CM was collected, aliquoted and frozen at –80oC until 

phagocytosis experiments. I then treated primary murine microglia with the following 

conditions for 24 hours: 

1) 5 µM pHrodo-AβO1-42 (5 µM Aβ) 

2) 5 µM pHrodo-AβO1-42 + 5 µg/ml Galectin-3 (5 µM Aβ + 5 µg/ml Galectin-3) 

3) 5 µM pHrodo-AβO1-42 in control astrocyte conditioned medium (5 µM Aβ + CT Ast CM) 

4) 5 µM pHrodo-AβO1-42 in 5 μg/ml Galectin-3 treated Ast CM (5 µM Aβ + Galectin-3 Ast 

CM) 

A two-way ANOVA was used to analyse the data and Tukey post-hoc tests were used to 

perform pairwise comparisons between groups. 

 

Microglia treated with Galectin-3 Ast CM showed increased phagocytosis as compared to the 

rest of the conditions (Figure 5.5E). At 24 hours, a significant difference was observed between 

Galectin-3 treated and non-Galectin-3 treated cultures (p = 0.006), between cultures treated 

with and without Ast CM (p = 0.02). There was also a significant effect of interaction between 

Galectin-3 treatment and Ast CM (p = 0.02). 
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Tukey post-hoc analysis showed that there was no significant difference between 5 µM 

pHrodo-AβO1-42 and 5 µM pHrodo-AβO1-42 + 5 µg/ml Galectin-3 (p = 0.91), firstly replicating 

the results seen in 5.3 and showing that Galectin-3 alone is not sufficient to increase microglial 

phagocytosis of AβO1-42. Additionally, there was no significant difference between 5 µM 

pHrodo-AβO1-42 and 5 µM pHrodo-AβO1-42 + 10 µM TD-139 (p = 1.00), next showing that 

astrocyte conditioned medium alone was not sufficient to increase AβO1-42 phagocytosis. 

Tukey post-hoc tests comparing 5 µM Aβ + Galectin-3 Ast-CM with both 5 µM Aβ + CT Ast-

CM (p = 0.007) and 5 µM Aβ + 5 µg/ml Galectin-3 (p = 0.02) show statistical difference (Figure 

5.5F). 

 

Similar results were obtained for the analysis of the area under curve (AUC) over 24 hours, 

with significant difference was observed with the effect of Galectin-3 (p = 0.009), Ast CM (p = 

0.04), and interaction between Galectin-3 treatment and Ast CM (p = 0.048). 

Again, no significant changes were detected with either addition of Galectin-3 alone or with 

the presence of control astrocyte CM (p = 0.87 and p = 1.00, respectively). However, when 

compared to either CT Ast CM or 5 μg/ml Galectin-3, Galectin-3 Ast CM from Galectin-3 

treated astrocytes significantly increased phagocytosis over the 24 hour period (p = 0.02 and 

p = 0.04, respectively; Figure 5.5G). 

In conclusion, both Galectin-3 or CT Ast CM alone was not sufficient to increase microglial 

phagocytosis of pHrodo-AβO1-42, but when Galectin-3 treated astrocyte conditioned medium 

was added to microglia, phagocytosis of pHrodo-AβO1-42 was increased. Taken together, these 

results suggest that astrocytes secrete factors in response to Galectin-3 which was sufficient 

to increase microglial phagocytosis of pHrodo-AβO1-42. 
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Figure 5.5 Figure on following page. (A – D) pHrodo fluorescence in CX3CR1-GFP+/- microglia 

at 24 hours post treatment with 5 µM pHrodo-AβO1-42 (A), 5 µM pHrodo-AβO1-42 and 5 µg/ml 

Galectin-3 (B), 5 µM pHrodo-AβO1-42 and CT astrocyte-conditioned medium (C), 5 µM pHrodo-

AβO1-42 and Galectin-3 astrocyte-conditioned medium (D). (A’ – D’) pHrodo is observed 

within GFP+ cells. (E) Change in Phagocytic Index (pHrodo area/GFP area) over time. 

Microglia cultured in Galectin-3 astrocyte-conditioned medium showed increased 

phagocytosis over the rest of the conditions. (F – G) Phagocytic index at 24 hours post 

treatment (F) and Area under curve over 24 hours (G), with one-way ANOVA showed 

significant difference between the conditions. Multiple-testing corrections after t-testing 

showed significant differences between 5 µM pHrodo-AβO1-42 and 5 µg/ml Galectin-3 (B) and 

5 µM pHrodo-AβO1-42 and Galectin-3 astrocyte-conditioned medium (D), and 5 µM pHrodo-

AβO1-42 and CT astrocyte-conditioned medium (C) and 5 µM pHrodo-AβO1-42 and Galectin-3 

astrocyte-conditioned medium (D).  

n = 3 replicates, scale bars represent 200 μm, and error bars show SEM. 
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Figure 5.5 Galectin-3 treated astrocytes secrete factors which increased microglial 

phagocytosis of pHrodo-AβO1-42. Legend on previous page. 
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5.6 Galectin-3 increases microglial phagocytosis of pHrodo-

AβO1-42 in mixed glial cultures via matrix metalloproteinases 

(MMPs) 

To determine if the reduction in phagocytosis was indeed from decreased ADE secretion by 

astrocytes, the experiment was repeated with the MMP inhibitor Marimastat (BB 2516). 

Marimastat was a kind gift from Prof Daniel Anthony. 

 

To determine the effects of MMP inhibition on phagocytosis of oligomeric amyloid beta 1-42 

(AβO1-42), I treated primary murine glial cells with the following conditions for 24 hours: 

1) 5 µM pHrodo-AβO1-42 

2) 5 µM pHrodo-AβO1-42 + 5 μM Marimastat 

3) 5 µM pHrodo-AβO1-42 + 10 μM Marimastat 

4) 5 µM pHrodo-AβO1-42 + 10 μM Marimastat + 5 μg/ml Galectin-3 
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Figure 5.6 MMP inhibitor Marimastat decreased phagocytosis of pHrodo-AβO1-42 in mixed 

glial cultures. Figure legend continued on the following page.  
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Figure 5.6 Addition of MMP inhibitor Marimastat decreased microglial phagocytosis of pHrodo-

AβO1-42 in mixed glial cultures. (A – D) pHrodo fluorescence in CX3CR1-GFP+/- mixed glia at 

24 hours post treatment with 5 µM pHrodo-AβO1-42 (A), 5 µM pHrodo-AβO1-42 and 5 µM 

Marimastat (B), 5 µM pHrodo-AβO1-42 and 10 µM Marimastat (C) 5 µM pHrodo-AβO1-42, 10 µM 

Marimastat and 5 μg/ml Galectin-3 (D). (A’ – D’) pHrodo is observed within GFP+ cells. (E) 

Change in Phagocytic Index (pHrodo area/GFP area) over time. Mixed glia treated with 

Marimastat showed decreased phagocytosis. (F) Phagocytic index at 24 hours post treatment. 

One-way ANOVA showed significant difference between the conditions, with Tukey post-hoc 

testing showing significant decrease of phagocytic index in cultures treated with Marimastat. 

(G) Area under curve of phagocytosis over 24 hours. No significant difference was observed 

between the conditions. n = 4 replicates, scale bars represent 200 μm, and error bars show 

SEM. 

  



124 
 

5.6.1 Addition of MMP inhibitor Marimastat to mixed glial cultures 

decreased microglial phagocytosis of pHrodo-AβO1-42 

At 24 hours, there was a significant effect between the treatment groups (p = 0.02, one-way 

ANOVA), however, analysis of the AUC over 24 hours revealed no significant differences 

between the groups (p = 0.18). 

5.6.2 Addition of MMP inhibitor Marimastat to mixed glial cultures 

abrogated the Galectin-3 mediated increase in microglial phagocytosis of 

pHrodo-AβO1-42 

The initial lower rate of phagocytosis in cultures treated with Marimastat and Galectin-3 (5 – 

13 hours post treatment) suggest that Marimastat may have had an initial effect on the MMPs 

which were present in the medium prior to treatment. After 13 hours post treatment, the 

amount of phagocytosis was comparable to that of control cultures, and there was no 

significant difference as compared to control cultures. A trend towards increased phagocytosis 

was seen when compared to cultures treated only with Marimastat (Figure 5.6F; p = 0.068, 1 

– β = 0.854). 
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5.7 Galectin-3 increased expression of amyloid degrading 

enzymes (ADEs) in astrocytes 

To determine the effects of oligomeric Aβ 1-42 (AβO1-42), Galectin-3 and its inhibitor TD-139 

on astrocytic expression of amyloid-degrading enzymes (ADEs), I treated primary murine 

astrocytes with the following conditions for 24 hours: 

1) DMSO Control 

2) 5 µM AβO1-42 

3) 5 µg/ml Galectin-3 

4) 10 µM TD-139 

I then extracted and purified the RNA from the samples and performed qPCR with primers for 

the ADEs Mmp2, Mmp9, Scarb1, Ece1, Ide and Mme. 

 

Treatment of astrocytes with AβO1-42 significantly increased Ide and Mmp2 expression (Figure 

5.7 B and D). Treatment of astrocytes with Galectin-3 alone significantly increased Mmp2, 

Mmp9 and Scarb1 expression (Figure 5.7 D – F). 
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Figure 5.7: Changes to gene expression levels of amyloid degrading enzymes after treatment 

with 5 μM AβO1-42, 5 μg/ml Galectin-3 or 10 μM TD-139. One-way ANOVA showed significant 

differences in Ide, Mme, Mmp2, Mmp9 and Scarb1. Significance levels in the plots represent 

results from Tukey post-hoc analyses, *: p < 0.05, **: p < 0.01, ***: p < 0.001. 

n = 6 (CT and 5 µM Aβ), n = 3 (5 µg/ml Gal-3 and 10 µM TD-139). Error bars represent SEM. 
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5.8 Galectin-3 increased levels of pro-MMP9 and cleaved MMP9 

in Galectin-3+/+ and Galectin-3-/- primary murine glia 

To determine if increased expression of Mmp9 in astrocytes translated to increased MMP9 

protein levels, I treated Galectin-3+/+ primary murine mixed glia over 24h with 5 μg/ml Galectin-

3, using lipopolysaccharide (LPS) as a positive control. Previously, Yang and colleagues 

showed that LPS at concentrations between 2 ng/ml and 2 μg/ml induced expression of MMP9 

in rat brain astrocytes (Yang et al., 2019). Hence, an LPS concentration of 100 ng/ml was 

chosen as a positive control for induction of MMP9 in my cultures. Concurrently, Galectin-3-/- 

glia were treated with either 5 μg/ml Galectin-3 or LPS. The cells were then lysed with RIPA + 

phosphatase and protease inhibitors and boiled with 4xLB before being run on a PAGE and 

immunoblotted for MMP9. 

 

To quantify the changes in MMP9 expression, a western blot was performed. In Galectin-3+/+ 

cultures, treatment with Galectin-3 did not reach statistical significance (p = 0.055). However, 

after removal of outliers, a significant effect was observed with Galectin-3 treatment (Figure 

5.8A, p = 0.02).  Galectin-3 also increased active MMP9 levels, with a significant difference 

between control and Galectin-3 cultures (p = 0.03). In Galectin-3-/- cultures, treatment with 

Galectin-3 significantly increased Pro-MMP9 levels (p = 0.03). 

 

 

Figure 5.8: Figure on next page. (A) Western blot for MMP9 shows increased MMP9 on 

addition of Galectin-3, with LPS as a positive control. Galectin-3 treatment significantly 

increased protein levels of both Pro-MMP9 (B) and Active MMP9 (B’) in WT mice. Galectin-3 

also significantly increased protein levels of both Pro-MMP9 (C) and Active MMP9 (C’) in 

Galectin-3-/- mice. n = 4 replicates, Student’s t-test. Error bars represent SEM. 
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Figure 5.8: Galectin-3 increased MMP9 levels in Galectin-3+/+ and Galectin-3-/- mixed glial 

cultures. Figure legend on previous page. 
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5.9 Discussion 

In 5.4, I showed that addition of Galectin-3 increased microglial phagocytosis of pHrodo-AβO1-

42 when astrocytes were present. When compared to the results in 5.3 where no significant 

changes to phagocytosis was observed either with addition of Galectin-3 or its inhibitor, this 

suggested that the effect of Galectin-3 was mediated by astrocytes. I then showed that direct 

contact between microglia and astrocytes was not required for this effect using astrocyte 

conditioned medium. In 5.6, I showed in fact that the MMP inhibitor Marimastat decreased 

phagocytosis, and that the addition of both Galectin-3 and Marimastat returned phagocytosis 

to levels similar to control cultures. I then showed upregulation of various ADEs by astrocytes 

when treated with Galectin-3 in 5.7; this corresponded with increased levels of both pro-MMP9 

and active MMP9 in astrocytic cultures in the presence of Galectin-3. 

Altogether, these showed that addition of exogenous Galectin-3 increased uptake of AβO1-42 

by microglia in the presence of astrocyte secreted factors. However, these experiments do not 

show that MMP9 is sufficient to increase uptake of AβO1-42 by microglia. Addition of 

recombinant MMP9 together with AβO1-42 will need to be performed to determine if MMP9 can 

indeed increase AβO1-42 uptake by microglia. 

5.9.1 Aβ uptake pathways in microglia 

5.9.1.1 Macropinocytosis 

In my work, I did not ascertain the pathway through which Aβ was internalised by microglia. 

Hence, it is possible that the increased pHrodo-AβO1-42 uptake was via other pathways 

including macropinocytosis or receptor-mediated endocytosis. One possibility was that the 

upregulation of ADEs resulted in extracellular degradation of Aβ, especially larger species 

such as fibrillar Aβ. This could result in increased soluble Aβ present and hence increase 

uptake of Aβ via macropinocytosis (Mandrekar et al., 2009).  
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Future experiments can determine if the increased Aβ uptake by microglia is due to increased 

phagocytosis of fibrillar Aβ or via increased macropinocytosis of soluble Aβ by including 

macropinocytosis inhibitors such as 5-(N-ethyl-N-isopropyl)amiloride (EIPA). 

5.9.1.2 Receptor-mediated endocytosis 

Galectin-3 has been shown to drive Clathrin-independent endocytosis in mammalian cells 

(Lakshminarayan et al., 2014). Hence, the presence of Galectin-3 may also drive Aβ uptake 

into endosomes via Clathrin-independent mechanisms. 

5.9.1.3 Interactions between Galectin-3 and astrocytic factors 

Another possibility is that interactions between Galectin-3 and secreted astrocytic factors 

could be required for the increased uptake of AβO1-42. To this end, the assay described in 5.4 

could be refined by pre-treatment with Galectin-3 or TD-139, followed by addition of AβO1-42 

in media without Galectin-3. Similarly, astrocyte-conditioned medium can also be collected 

from Galectin-3 pre-treated astrocytes by addition of fresh media after pre-treatment with 

Galectin-3. If similar results are obtained, it would suggest that the astrocyte secreted factors 

alone, without interaction with Galectin-3, are sufficient to increase microglial uptake of 

pHrodo-AβO1-42. 

5.9.1.4 Other astrocytic interactions 

In my hands, Galectin-3 altered pHrodo-AβO1-42 phagocytosis in microglia–astrocyte co-

cultures but not in pure microglial cultures, suggesting astrocytes were mediating the increase. 

One possibility was that Galectin-3 increased phagocytosis of pHrodo-AβO1-42 by astrocytes 

but not microglia; Galectin-3 may differentially affect astrocytic and microglial phagocytosis, 

as there are phagocytosis-regulating receptors unique to either microglia or astrocytes 

(Konishi et al., 2022). Additionally, previous studies have shown that astrocytes can also 

endocytose monomeric and oligomeric Aβ (Lee et al., 2015). However, I did not observe 

pHrodo signal outside of GFP+ cells (Figures 5.4 and 5.6). This suggested that in my culture 

system, phagocytosis by astrocytes was negligible, and the increased phagocytosis from 

Galectin-3 treatment was likely due to an astrocytic-microglial interaction. 
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Next, astrocytes could be secreting signalling factors into the media which modulate microglial 

activation. To this end, I have shown that Galectin-3 treated astrocytes upregulated expression 

of Aβ-degrading enzymes Mmp2, Mmp9 and Scarb1, and that protein levels of Pro- and active 

MMP9 were increased after Galectin-3 treatment. However, these results do not exclude that 

other secreted factors may be increased after Galectin-3 treatment. 

Another astrocyte-secreted molecule that could modulate phagocytosis of pHrodo-AβO1-42 by 

microglia is Il33 (Fu et al., 2016). Future work could aim to identify if astrocytic secretion of 

Il33 can also be regulated by Galectin-3. 

Lastly, in the mixed glial cultures, microglia are in direct contact with the astrocytic monolayer. 

While Galectin-3 treated Ast CM was sufficient to increase microglial AβO1-42 phagocytosis, it 

does not exclude possible contact-based interactions between the microglia and astrocytes in 

addition to the secreted factors that may have increased AβO1-42 phagocytosis. 

5.9.2 Possible pathways of MMP9 upregulation by Galectin-3 in 

astrocytes: 

NF-κB pathway 

MMP9 upregulation was mediated via NF-κB pathway in rat primary astrocytes treated with 2-

chloroethanol (2-CE) (Wang et al., 2018), with increased IκBα phosphorylation on treatment 

with 2-CE. Pharmacological inhibition of IκBα phosphorylation or of activator protein 1 (AP1) 

decreased MMP9 expression, suggesting that MMP9 can be regulated via the NF-κB pathway. 

Galectin-3 has been shown to bind to TLR4 and activate TLR4–NF-κB signalling in other 

systems (Burguillos et al., 2015; Wang et al., 2024; Zhou et al., 2018). 

 

CD147 clustering via Galectin-3 oligomerisation 

In immortalised human corneal keratinocytes, Galectin-3 upregulated Mmp9 expression and 

MMP9 levels by clustering of CD147. Silencing of CD147, or truncation of Galectin-3 (Galectin-

3C) muted the increase of MMP9 by Galectin-3 (Cruzat et al., 2018). Interestingly, in this model 

of wound healing, Galectin-3 is only seen at the leading edge where it appears to cluster 
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CD147 via its N-terminal polymerisation domain. This clustering of CD147 has previously been 

shown to induce Mmp synthesis (Mauris et al., 2014). Interestingly, in the brain, CD147 is 

expressed by both endothelial cells and astrocytes, and is strongly upregulated after ischemic 

injury (Patrizz et al., 2020). This suggests that Galectin-3 induced MMP9 upregulation could 

require the oligomerisation of Galectin-3 upon binding of CD147. 

5.9.3 Use of WT Aβ over mutant Aβ 

Mutations within the 42 aa sequence of Aβ1-42 can result in increased aggregation kinetics 

(Hatami et al., 2017). I chose to focus on Aβ1-42 with the WT sequence; this was firstly because 

while mutations in Aβ can result in familial AD, majority of AD cases are sporadic. 

Furthermore, of the 452 FAD mutations in PSEN1, PS2 and APP evaluated, only 66 were in 

APP (Xiao et al., 2021); within these 66, only 20 were within Aβ1-42 (Xiao et al., 2021). This 

suggests that the majority of FAD mutations are found either in PSEN1 or adjacent to Aβ1-42 

(Xiao et al., 2021). These mutations result in altered processing of Aβ and rather than changing 

how the monomers interact, they either increase the amount of Aβ or the Aβ42/Aβ40 ratio. 

Altogether, this suggests that the overwhelming majority of AD cases are not caused by 

mutations within the Aβ1-42 sequence. 

Nonetheless, it remains interesting how mutations within the Aβ1-42 sequence may affect 

degradation and remains for future studies to identify whether mutations in Aβ will affect 

phagocytosis. 

While fibrillar Aβ (fAβ) is the form of Aβ in plaques, there is little correlation between Aβ-plaque 

load and cognitive decline, suggesting that other forms of Aβ must be responsible for 

neurodegeneration. Increasing evidence is showing that prefibrillar species of Aβ such as 

oligomers (AβO) and protofibrils are more toxic than fAβ, with intracerebroventricular injections 

of fAβ not having effects on memory and learning but AβOs being detrimental (He et al., 2012). 
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5.9.4 Inhibition of Galectin-3 increased expression of Mme (Neprilysin) 

Interestingly, inhibition of Galectin-3 had the opposite effect on Mme (encoding Neprilysin, 

NEP) as compared to other ADEs. Previously, work has shown that the decrease of NEP could 

contribute towards deposits of Aβ in cerebral blood vessels (Miners et al., 2006). Additionally, 

Tao and colleagues showed increased NEP expression in Galectin-3-/- mice (Tao et al., 2020). 

This suggests that paradoxically, Galectin-3 inhibition could also increase clearance of Aβ. 

However, it is worth noting that only MMP9 could degrade Aβ fibrils. 

5.9.5 Limitations 

5.9.5.1 Measurements of phagocytosis 

In the phagocytosis experiments described in 5.3, BV2 cells were used. While care was taken 

to ensure even seeding of cells, BV2 cells are semi adherent and cell densities across the 

plate may not have been completely even. To account for this, experiments were performed 

in technical triplicates, and the area of pHrodo fluorescence was normalised to the cell area. 

However, in BV2 cultures, it was not possible to normalise the amount of pHrodo signal to the 

number of cells at each time point as the cells were not fluorescent and it was not possible to 

image brightfield and fluorescent channels simultaneously. 

The use of Cx3cr1-GFP+/- microglia allowed firstly for more consistent cell densities as the 

primary microglia were adherent. The GFP fluorescence also allowed normalisation of pHrodo 

signal to the cell area at each time point. This was especially important in the mixed glia 

phagocytosis experiments, as GFP+-microglia begin to proliferate once GFP--astrocytes have 

formed a confluent monolayer. While equal densities of total glia were seeded, the density of 

microglia in culture could vary across the biological replicates. Hence, comparison of the 

Phagocytic Index reduced the variability across replicates. 

Additionally, only pHrodo-labelled Aβ was used as cargo in these experiments. Therefore, the 

current experimental design cannot determine whether the Galectin-3-mediated increase in 

microglial uptake is specific to Aβ or reflects a more general increase in microglial uptake. 
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Future experiments using alternative pHrodo-labelled cargo would help determine the cargo 

specificity of this phenotype. 

5.9.5.2 Presence of endogenous levels of Galectin-3 

As the Cx3cr1-GFP+/- model is not deficient in Galectin-3, microglia in the mixed glia cultures 

express Galectin-3 endogenously. Additionally, phagocytosis of Aβ has been shown to 

increase Galectin-3 expression (Grubman et al., 2021). Taken together, these suggest that 

even without addition of exogenous Galectin-3, microglia in the mixed glial cultures could be 

releasing Galectin-3 into the medium, in turn affecting gene expression of astrocytes. 

Additionally, astrocytes have been shown to express Galectin-3 in traumatic brain injury 

models (Sirko et al., 2015). Hence, it was possible that endogenous levels of Galectin-3 were 

present in the medium in the experiments described in 5.3, 5.4, 5.6 and 5.7. This likely explains 

why the addition of TD-139 in experiment 5.4 decreased phagocytosis. As a result, to ensure 

that no residual levels of Galectin-3 were in the CT Ast CM for the experiments outlined in 5.5, 

Galectin-3-/- astrocytes were used. 

5.9.5.3 Aggregation state of AβO1-42 in culture medium 

In my experiments, I treated microglia and mixed glia with Galectin-3 directly. I and others 

have shown that Galectin-3 can promote Aβ oligomerisation and deposition (Chapter 7; and 

(Boza-Serrano et al., 2019; Tao et al., 2020)). While the pHrodo-AβO1-42 used in my 

phagocytosis assays were pre-oligomerised, a few factors regarding the culture conditions 

may have affected the aggregation state of Aβ during the assays. Firstly, the presence of 

Galectin-3 in the culture medium may still bind and result in further aggregation of Aβ. Next, 

the medium used for cell culture was not fully defined due to presence of fetal bovine serum 

(FBS). There is a possibility that factors present in FBS may also affect aggregation of Aβ. 

Lastly, the high concentration of Aβ used may also have promoted further aggregation during 

the assays. Future assays could employ Galectin-3-/- glia which ensures that Galectin-3 is not 

present in the medium, and pre-treatment of cells with Galectin-3 followed by addition of 

pHrodo-AβO1-42 in medium without Galectin-3 or FBS. 
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Alternatively, investigation of pHrodo-AβO1-42 phagocytosis by induced pluripotent stem cell 

(iPSC)-derived microglia would also provide strong evidence that this effect can be replicated 

in human cells. iPSC-derived glia models will also allow for better control of the microglia to 

astrocyte ratio. 

5.9.5.4 Degradation of AβO1-42 

While I showed alterations to uptake of AβO1-42 by microglia, the results cannot determine if 

the increased AβO1-42 internalised by microglia is degraded. Microglia may uptake Aβ but can 

fail to degrade it, resulting in the secretion of Aβ back into the extracellular space (Chung et 

al., 1999). To determine the fate of the AβO1-42 internalised by microglia, future work can 

incorporate a washout step after the phagocytosis assay. Enzyme-linked immunosorbent 

assays (ELISAs) measuring Aβ levels in the lysate (intracellular) and media (extracellular) will 

inform if the increased uptake of Aβ corresponds with increased degradation. 
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Chapter 6: Galectin-3 increases MMP9 in vitro 
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6.1 Introduction 

In Chapter 5, I showed that Galectin-3 increased Mmp9 expression and MMP9 levels. 

Specifically in section 5.8, I showed that LPS was able to increase MMP9 levels in both 

Galectin-3+/+ and Galectin-3-/- mixed glial cultures. However, there appeared to be differences 

in the extent to which MMP9 was upregulated (Figure 5.8). One possible mechanism through 

which LPS increases MMP9 levels is via the TLR4-NfκB pathway and that Galectin-3 binds 

and signals through the TLR4 pathway. Taken with the fact that Galectin-3 alone was sufficient 

to increase levels of both Pro-MMP9 and Active MMP9 (Figure 5.8 B and C), all these suggest 

that modulation of Galectin-3 could affect how glial cells respond to pro-inflammatory stimuli 

such as LPS. Hence, I first asked if Galectin-3-/- glia had a diminished response to LPS stimuli 

as compared to Galectin-3+/+ glia. 
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6.2 Galectin-3 knockout decreased LPS-mediated increase in 

MMP9 levels in primary murine glia 

Quantification of Pro-MMP9 and Active-MMP9 levels reveal that Galectin-3-/- glia had 

decreased MMP9 levels as compared to Galectin-3+/+ glia. This was true for both Pro-MMP9 

(p = 0.030) and Active MMP-9 (p = 0.041).  

 

Figure 6.2: Galectin-3 knockout decreased LPS-induced MMP9 levels in mixed glial cultures. 

(A) Western blot for MMP9 show a stronger increase in MMP9 protein levels after LPS 

treatment in Galectin-3+/+ glia as compared to Galectin-3-/-. (B – C) Decreased levels of Pro-

MMP9 (B) and active MMP9 (C) in LPS-treated Galectin-3-/- glia compared to Galectin-3+/+ glia. 

Student’s t-test, n = 4. Error bars show SEM. 
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6.3 LPS and Galectin-3 knockout have sex dependent effects on 

MMP9 levels 

i.p. injections, mice sacrifice, and brain collection were performed by Dr Daniel Rand. I 

received frozen half-brains and processed the brains thereafter.  

To determine if the reduction in LPS-induced MMP9 levels by Galectin-3 knockout could be 

replicated in vivo, Galectin-3+/+ and Galectin-3-/- mice were given i.p. injections of either saline 

or LPS. The brains were then collected and processed for WB. The levels of MMP9 and 

Galectin-3 were normalised to β-actin and a two-way ANOVA was used to determine if there 

was a statistical difference in the response to LPS based on the genotype of the mice. 

 

 

 

Figure 6.3: Figure on next page. Galectin-3 knockout had a sex-dependent effect on LPS-

induced MMP9 levels. (A and B) Western blot of Galectin-3+/+ and Galectin-3-/- mice treated 

with saline or LPS. Both female (A) and male (B) mice were used. (C and D) MMP9 levels in 

whole brain lysates, normalised to β-actin levels.  Two-way ANOVA showed an increase in 

MMP9 levels after LPS treatment for both females (C, p = 0.021) and males (D, p = 0.015). (E 

and F) Galectin-3 levels in whole brain lysates, normalised to β-actin levels. Two-way ANOVA 

showed increase in Galectin-3 levels after LPS treatment in males (F, p = 0.006) but not 

females (E, p = 0.33). n = 3 animals per sex, genotype and condition, error bars represent 

SEM. 
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Figure 6.3: Galectin-3 knockout had sex-dependent effect on LPS-induced MMP9 levels. 

Figure legend continued on previous page.  
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6.3.1 Peripheral LPS increased MMP9 levels in the brain 

While I and others have shown that LPS induced MMP9 expression and protein levels in 

cultured astrocytes (Chapter 5.7 and 5.8, and (Yang et al., 2019)), there are mixed reports 

about whether LPS crosses the blood brain barrier (BBB) (Banks & Robinson, 2010; Vargas-

Caraveo et al., 2017).  

 

LPS treatment increased MMP9 levels in both Galectin-3+/+ and Galectin-3-/- mice of both 

sexes (Figure 6.3 A and B). Analysis of MMP9 protein levels in the brain (optical density, 

ODMMP9/ODβ-actin) shows that mice treated with LPS show increased MMP9 levels as compared 

to saline treated controls (Figure 6.3 C and D). This was true for both male and female mice 

(p = 0.015 and p = 0.021 respectively, two-way ANOVA). Hence, peripheral LPS was able to 

induce MMP9 expression in the brain in both Galectin-3+/+ and Galectin-3-/- mice. 

6.3.2 Galectin-3 knockout in males did not have a significant effect on 

LPS-induced MMP9 levels 

In males, while MMP9 levels appeared slightly lower in Galectin-3-/- mice as compared to 

Galectin-3+/+ mice, this difference was not statistically significant. This was true when the effect 

of Galectin-3 knockout was compared overall (two-way ANOVA, p = 0.46), or when saline-

treated mice were compared separately from LPS-treated mice (p = 1 and p = 0.73, Tukey 

post-hoc). 

Additionally, Galectin-3 knockout did not affect the response to LPS (two-way ANOVA, 

interaction: p = 0.51). Detailed ANOVA results can be found in the appendix (Supplementary 

Table 6.3.1) 
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6.3.3 Galectin-3 knockout in females increased LPS-mediated increase in 

MMP9 levels 

In females, MMP9 levels also appeared slightly lower in saline-treated Galectin-3-/- mice as 

compared to saline-treated Galectin-3+/+ mice, although this difference was not statistically 

significant (p = 1, Tukey post-hoc). Surprisingly, when comparing LPS-treated mice, MMP9 

levels were significantly increased in Galectin-3-/- as compared to Galectin-3+/+ mice (Tukey 

post-hoc, p = 0.0499). This was also reflected as an effect of Galectin-3 knockout on the 

response to LPS (two-way ANOVA interaction, p = 0.046). 

Detailed ANOVA results can be found in the appendix (Supplementary Table 6.3.2) 

6.3.4 LPS increased Galectin-3 levels in male mice 

In Galectin-3+/+ male mice, LPS treatment increased Galectin-3 levels significantly (Figure 6.3F, 

p = 0.004). However, while there was a slight increase of Galectin-3 levels in LPS-treated 

females, this was not significantly different from saline-treated females (Figure 6.3E, p = 0.5). 

Hence, this shows that peripheral inflammation induced via LPS can increase Galectin-3 levels 

in brains of male mice. 
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6.4 Discussion 

In the previous Chapter, I showed that Galectin-3 alone was sufficient to increase levels of 

MMP9 in primary murine glial cells. In this Chapter, I first show that knockout of Galectin-3 

resulted in decreased levels of both Pro- and active MMP9 after treatment with LPS (Figure 

6.2). I then showed that in vivo, a peripheral inflammatory challenge with LPS was able to 

induce Galectin-3 expression in the brain (Figure 6.3 E and F), with a significant increase in 

Galectin-3 levels in males but not in females. Concurrently, I show that brain MMP9 levels was 

increased with peripheral LPS (Figure 6.3 C and D). In males, we see a slight lowering of 

MMP9 with Galectin-3 knockout (Figure 6.3 D). Interestingly, it appears that female Galectin-

3+/+ mice had a muted response to LPS as compared to male Galectin-3+/+ mice, however, this 

was not statistically significant after adjustment for multiple testing (B-H adjusted p = 0.13). 

Contrastingly, Galectin-3 knockout in females strongly increased MMP9 levels after peripheral 

LPS (Figure 6.3 C). With two-way ANOVA analyses, while male mice only show an effect of 

treatment (saline vs. LPS; p = 0.01), females show an effect of treatment (p = 0.02) and 

interaction between genotype and treatment (p = 0.046). 

6.4.1 Possible mechanisms of interaction between Galectin-3 and LPS to 

induce MMP9 levels 

Galectin-3 has been shown to bind to LPS and potentiate response of neutrophils to LPS 

(Fermino et al., 2011), and Galectin-3 knockout decreased secretion of TNFα, interferon 

gamma (IFNγ) and IL-4 proinflammatory cytokines by BV2 microglia in response to LPS 

(Burguillos et al., 2015), suggesting that Galectin-3 could lead to increased pro-inflammatory 

response. As discussed in the previous Chapter, Galectin-3 is a TLR4 ligand and can activate 

NFκB signalling (Zhou et al., 2018) through which these inflammatory signals are mediated. 

Hence, knockout of Galectin-3 could be mediating the levels of MMP9 via the same pathways. 
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6.4.2 Sex difference in LPS-induced MMP9 levels in vivo 

In Galectin-3+/+ mice, while male mice show a strong increase in MMP9 levels after peripheral 

LPS (Figure 6.3 B and D), female mice do not show a strong induction of MMP9 (Figure 6.3A 

and C). This could be due to a lower cell surface expression of TLR4 by females compared 

with males (Marriott & Huet-Hudson, 2006). In vivo, LPS elicited a higher inflammatory 

response in males than in females, with higher sera Il6 levels post i.p. injection of LPS (Marriott 

& Huet-Hudson, 2006). This is the same pathway through which MMP9 is regulated by TLR4, 

suggesting that the trend towards decreased MMP9 expression could be regulated along the 

same LPS-TLR4-NFkB axis as IL6. Hence, it is not entirely surprising that upon peripheral 

LPS challenge, females showed decreased upregulation of MMP9 when compared to males. 

6.4.3 Sex difference in how Galectin-3 knockout alters LPS-induced 

MMP9 levels in vivo 

In vitro, I observed decreased LPS-induced MMP9 levels in Galectin-3-/- glia. This was 

somewhat mirrored in male mice, where slightly lower levels of MMP9 levels were observed 

in Galectin-3-/- mice treated with LPS as compared to Galectin-3+/+ mice. Surprisingly, female 

mice had a completely opposite reaction, with Galectin-3 knockout increasing the effect of 

LPS-induced MMP9 levels. 

6.4.4 Peripheral Galectin-3 vs. brain Galectin-3 

The finding that females respond to Galectin-3 knockout differently than males raises more 

interesting questions. Firstly, was this an effect of peripheral Galectin-3, or Galectin-3 in the 

brain? Galectin-3 has evolutionarily conserved roles in binding pathogen associated molecular 

patterns (PAMPs) and is mainly secreted by macrophages in the periphery. Since the Galectin-

3-/- mice were used, the effects I observed can be due to either peripheral or central Galectin-

3, or a combination of both. 
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One possibility was that the suppression of Galectin-3 peripherally altered proinflammatory 

cytokine levels in the circulation. Inflammatory cytokines such as IL6, Il-1β and TNFα have 

been shown to induce MMP9 (Hu et al., 2025; Lin et al., 2007; Song et al., 2015), and elegant 

experiments using mice with bone marrow lacking Mmp2/MMP9 show that leukocyte-derived 

Tnfα crosses the BBB and increases MMP9 in astrocytes (Song et al., 2015). This model 

would suggest that in males, Galectin-3 knockout either had no effect, or decreased pro-

inflammatory cytokine levels in the periphery (Chen et al., 2015), while in females, Galectin-3 

in the periphery would be suppressing pro-inflammatory cytokine levels under LPS challenge, 

and Galectin-3 knockout would increase levels of pro-inflammatory cytokines. The altered 

levels of pro-inflammatory cytokines would then translate to changes in MMP9 production by 

astrocytes. To this end, serum of the mice in this experiment have been collected and can be 

run on a multiplex panel of cytokines such as the Luminex Assay kit. 

The other possibility would be that reduction of peripheral Galectin-3 did not affect pro-

inflammatory cytokine levels, but that the reduction of Galectin-3 in the brain altered the 

response of astrocytes to the pro-inflammatory cytokines. Given that both male and female 

mice show presence of Galectin-3 in the brain, this suggests that Galectin-3 is performing 

opposite functions in the male brain as compared to the female brain. In this model, Galectin-

3 in the brain of male mice would increase MMP9 levels, while in females, Galectin-3 would 

be suppressing MMP9 production by astrocytes. To this end, modified citrus pectin (MCP), an 

inhibitor of Galectin-3, has been shown to inhibit MMP9 production in endothelial cells in a 

model of subarachnoid haemorrhage (Nishikawa et al., 2018). Unfortunately, the study only 

used male mice; nonetheless, this corroborates my findings that in male mice, MMP9 levels 

were lower in Galectin-3-/- than Galectin-3+/+ after LPS treatment (Figure 6.3). 

Regardless of whether the effect seen here was due to peripheral or brain Galectin-3, 

understanding if and how Galectin-3 differentially regulates in a sex-dependent manner 

peripheral cytokine production, brain MMP9 or both, will be highly important.  
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6.4.5 Implications for AD 

While the peripheral LPS model is not exactly a model of AD, chronic LPS has been shown to 

be associated with increased neuroinflammation and cognitive decline (Zhu et al., 2014). 

Although one study suggested that MMP9 could be protective against LPS-induced 

inflammation in osteoclasts (Zhang et al., 2020), multiple studies have shown that MMP9 

contributes to BBB breakdown after stroke (Turner & Sharp, 2016). Galectin-3 inhibitors have 

been in clinical trials for various systemic diseases including lung and liver fibrosis, and for AD. 

However, pre-clinical models (including studies targeting Galectin-3) continue to neglect the 

importance of sex differences in AD and favour male mice over the use of both sexes (Liu et 

al., 2025; Yin et al., 2020). Since I have shown that Galectin-3 inhibition elicits a different 

response in males as compared to females, my work strongly suggests that both sexes need 

to be included in pre-clinical studies. 

6.4.6 Limitations and future work 

6.4.6.1 Subregional differences in MMP9 levels 

As seen from my work in Chapter 3 and 4, Galectin-3 is expressed by different cells in the 

hippocampus as compared to the SVZ, suggesting that it could be playing different roles in 

different brain regions. Here, proteins from entire half-brains were extracted from mice treated 

with LPS; this included the hippocampus, cortex, SVZ and hindbrain. In future experiments, 

the brain could be dissected into subregions, firstly allowing for deeper understanding of how 

Galectin-3 may be altered in these subregions in response to peripheral LPS. This will also 

allow us to identify which regions are responsible for the change in MMP9 levels upon LPS 

challenge, further informing us on which regions are susceptible to BBB damage associated 

with peripheral inflammatory challenges. 

6.4.6.2 Peripheral vs. Brain Galectin-3 knockout 

As discussed in 6.4.4, my Galectin-3 knockout model does not allow us to distinguish between 

the peripheral or central effects of Galectin-3 knockout on MMP9 levels. Future work should 
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consider using targeting approaches to remove central Galectin-3 such as intrahippocampal 

injections of MCP (Nishikawa et al., 2018), or by targeting microglial Galectin-3 using a 

HexBCreERT2 driver line crossed with a Galectin-3flox/flox line. Inhibition of peripheral Galectin-3 

can be achieved with MCP given in drinking water or via i.p. injections. 
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Chapter 7: Galectin-3 Promotes Beta Amyloid 

deposition in vivo 
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7.1 Introduction 

Boza-Serrano and colleagues did not observe Aβ deposition when Aβ alone was injected 

intrahippocampally (Boza-Serrano et al., 2019). I replicated their experiments with a few 

modifications. 

7.2 Galectin-3 Promotes Aβ Deposition in vivo 

I performed all surgeries and sample collection. One set of four brains (PBS, Aβ only, Aβ + 

Galectin-3 and Aβ + Galectin-3C) was sectioned and immunostained by Zubaida Mukthar as 

part of her Master’s dissertation (Department of Biology) under my careful guidance. 

7.2.1 Injections of Aβ alone do not result in deposit formation 

The collected brains were sectioned to generate 8 sets of five evenly spaced sections between 

approximately -1.25mm AP w.r.t. Bregma and -2.45mm AP relative to Bregma. No Galectin-3 

or Aβ immunoreactivity was detected (Figure 7.1.1); to ensure that no deposits were present, 

every other section was immunostained for Galectin-3, Aβ and IBA1 (a compilation of tile 

scans of every other slice from one animal is provided in the appendix). A 5xFAD sample was 

included as a positive control. Additionally, the D3V of WT mice are immunoreactive for 

Galectin-3, which serves as an internal positive control. 

Figure 7.2.1: Injection of Aβ alone did not induce formation of deposits. Scale bar represents 

500 μm. 

A total of 6 mice were used across 2 cohorts (n = 1 male, n = 5 female). 
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7.2.2 Co-injections of Aβ with Galectin-3 result in deposits 

When Galectin-3 was co-injected with Aβ, Aβ deposition was observed (Figure 7.2.2). I also 

observed that in addition to the presence of Galectin-3 in the Aβ-immunoreactive deposits, 

Galectin-3 expressing cells are also seen in the vicinity of the deposits. 

 

Figure 7.2.2: Injection of Beta Amyloid with full length Galectin-3 induced formation of deposits. 

(A) Aβ deposits could be seen in the hippocampus. Scale bar represents 200 μm. (B) Higher 

magnification shows Aβ is colocalised with Galectin-3, but also that microglia surrounding the 

deposits express Galectin-3. Scale bar represents 50 μm. 

A total of 7 mice were used across 2 cohorts (n = 3 male, n = 4 female). 

 

 



151 
 

7.2.3 Co-injections of Aβ with Galectin-3C result in deposits 

The N-terminal of Galectin-3 mediates its oligomerisation (Zhao et al., 2021). I hypothesised 

that by removing the N-terminus, it could abrogate the ability of Galectin-3 to promote Aβ 

oligomerisation and deposition. To this end, I co-injected Aβ with Galectin-3C, a truncated form 

of Galectin-3 with only the C-terminal CRD. Interestingly, deposits of Aβ were still detected. 

Figure 7.2.3: Injection of Aβ with Galectin-3 Carbohydrate Recognition Domain (Galectin-3C) 

induced formation of deposits. Since the Galectin-3 antibody used (clone M3/38) only detects 

full length Galectin-3, this suggests Galectin-3 immunoreactivity is host-derived. (A) Aβ 

deposits could be seen in the hippocampus. Scale bar represents 200 μm. (B) Higher 

magnification shows Aβ is colocalised with Galectin-3, but also that microglia surrounding the 

deposits express Galectin-3. Scale bar represents 50 μm. 

A total of 6 mice were used across 2 cohorts (n = 1 male, n = 5 female). 
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The presence of extracellular Galectin-3 suggests the incorporation of Galectin-3 into the Aβ 

deposits, while presence of intracellular Galectin-3 suggests that the microglia surrounding 

the deposits upregulated Galectin-3. Additionally, the antibody used for Galectin-3 detection 

(clone M3/38) was purported to be against an epitope in the N-terminus of Galectin-3. This 

suggests that all the Galectin-3 immunoreactivity in the Galectin-3C + Aβ was solely against 

Galectin-3 produced by the host. In the Galectin-3C + Aβ injected WT mice, Galectin-3 co-

localised with Aβ and no IBA1 was observed. This suggests that host Galectin-3 was 

incorporated into the deposits. 

 

Upon MMP9 cleavage, Galectin-3 has limited hemagglutination and self-association potential 

(Ochieng et al., 1998), suggesting that the C-terminal CRD has reduced oligomerisation 

potential as compared to full length Galectin-3. 

 

Since there were still deposits seen in the Galectin-3C + Aβ, and in these we see extracellular 

Galectin-3 which is co-localised with Aβ, this suggests that host Galectin-3 could be in part 

mediating the deposition of Aβ. To this end, the injections were repeated in Galectin-3KO mice. 

 

Injection of Aβ with either Galectin-3, Galectin-3C or alone into Galectin-3-/- mice not only 

allows us to understand the role that host Galectin-3 plays in mediating Aβ deposition but also 

allows us to observe the host response to plaques which are formed in the absence of 

endogenous Galectin-3 expression. 
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7.3 Exogenous Galectin-3, without host Galectin-3, is sufficient 

to promote Aβ deposition 

To determine if recombinant Galectin-3 was sufficient to promote Aβ deposition without the 

presence of host Galectin-3, I performed the same surgeries as before, but injecting into 

Galectin-3-/- mice. 

7.3.1 Injections of Aβ alone into Galectin-3-/- mice did not result in Aβ 

deposits 

Similar to the experiment outlined in 7.2.1, no deposition was observed in the hippocampus 

or surrounding regions of the brain (Figure 7.3.1). As before, every other section was 

immunostained to ensure that there were indeed no deposits.  

 

Figure 7.3.1: Injection of Aβ alone into Galectin-3-/- mice did not result in the formation of Aβ 

deposits. Scale bar represents 500 μm. 

A total of 4 mice were used across 2 cohorts (n = 2 male, n = 2 female). 
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7.3.2 Injections of Aβ with Galectin-3 into Galectin-3-/- mice resulted in Aβ 

deposition 

To determine if host Galectin-3 is required to promote Aβ deposition, I co-injected the same 

preparations of Aβ and Galectin-3 as before, but into Galectin-3-/- mice. Here, I observed that 

recombinant Galectin-3 alone, without upregulation of host Galectin-3, was sufficient to induce 

deposition of Aβ (Figure 7.3.2). 

 

Figure 7.3.2: Injection of Aβ together with the full length Galectin-3 into Galectin-3-/- mice 

resulted in the formation of Aβ deposits. (A) Deposits were seen in the hippocampus (CA1). 

Scale bar represents 200 μm. (B) Higher magnification of the deposits show colocalization 

with Galectin-3. Scale bar represents 50 μm. 

A total of 5 mice were used across 2 cohorts (n = 3 male, n = 2 female). 
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7.3.3 Injections of Aβ and Galectin-3C did not result in formation of Aβ 

deposits 

In the previous experiment, Galectin-3C together with Aβ induced host Galectin-3 expression. 

Performing the same experiment in Galectin-3-/- I now did not observe deposits of Aβ (Figure 

7.3.3), suggesting that the upregulation of host Galectin-3 was necessary to promote Aβ 

deposition when only the CRD of Galectin-3 was co-injected with Aβ. 

 

Figure 7.3.3: Injection of Aβ together with the C-terminal carbohydrate recognition domain of 

Galectin-3 into Galectin-3-/- mice did not result in the formation of Aβ deposits. Scale bar 

represents 500 μm. 

A total of 6 mice were used across 2 cohorts (n = 3 male, n = 3 female). 
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7.4 Galectin-3 promotes Aβ oligomerisation in vitro  

 

Figure 7.4: Galectin-3, but not Galectin-3C promoted the formation of high molecular weight 

(HMW) oligomers of Aβ. Incubation for 1 hour at 37 °C did not produce detectable oligomers 

when only Aβ  was present (A), but produced large oligomers/protofibrils when Galectin-3 was 

added with Aβ (A’). Incubation of Aβ with Galectin-3C produced smaller oligomers of Aβ (A’’). 

Western blot of Aβ, Aβ + Galectin-3 and Aβ + Galectin-3C before incubation (B) and after 

incubation (C). No HMW aggregates were detected pre-incubation (B), and HMW aggregates 

were only detected in Aβ + Galectin-3. 
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7.4.1 Amyloid Beta oligomerisation is induced by incubation with Galectin-

3 

Previously, I showed that incubation of Aβ alone at 4 °C overnight was able to induce formation 

of oligomers. These were characterised by TEM and appeared as oligomers of about 5 – 20 

nm in diameter. 

To determine the species of Aβ which I had injected, I prepared samples as I would for 

surgeries and sent them to be characterised by transmission electron microscopy (TEM). Aβ 

alone did not aggregate significantly (Figure 7.4A), but larger structures could be observed 

when Aβ was incubated with Galectin-3 (Figure 7.4A’). When only the CRD of Galectin-3 was 

incubated with Aβ, only small, possibly oligomeric structures could be observed (Figure 7.4A’’). 

 

I then boiled more of the same samples without reducing buffers for western blotting. Not using 

reducing conditions prevented the loss of disulfide bonds, retaining any oligomeric or fibrillar 

structures of Aβ. Incubation of Aβ by itself at 37 °C for 1 hour resulted in a sample which 

resolved into three bands. The lowest molecular weight band (~5 kDa) likely corresponds to 

monomers of Aβ while the other two likely correspond to di- to tetramers of Aβ (Figure 7.4). 

While incubation of Aβ alone did not induce formation of high molecular weight oligomers, 

incubation of Aβ with Galectin-3 under the same conditions resulted in the formation of high 

molecular weight oligomers larger than 50 kDa, which can be observed as a smear that runs 

beyond 185 kDa (Figure 7.4C). 

7.4.2 Incubation with Galectin-3C does not promote formation of high 

molecular weight oligomers of Aβ 

When Galectin-3C was added to Aβ, a strong increase in low molecular weight multimers can 

be seen even before incubation (Figure 7.4B). However, even after incubation at 37 °C for 1 

hour, no high molecular weight aggregates were observed (Figure 7.4C), suggesting that the 

CRD of Galectin-3 was not sufficient to promote aggregation of Aβ into HMW aggregates.  
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7.4.3 Thioflavin T assay shows increased aggregation with Galectin-3 but 

not Galectin-3C 

Figure 7.4.3 Aβ aggregation assay using Thioflavin T. While Galectin-3 increased aggregation 

of Aβ, Galectin-3C did not alter the aggregation of Aβ as compared to control. 

n = 1 replicates. 

 

To determine if Galectin-3 and Galectin-3C could alter aggregation of Aβ, I performed a 

Thioflavin T (ThT) assay. ThT shows a shift in emission to 480 nm after binding to beta sheet 

structures. Hence, it is suitable for studying how Aβ aggregates. As before, as the molecular 

weight of Galectin-3C was smaller than that of Galectin-3, a smaller mass of Galectin-3C was 

added. The number of moles of Galectin-3C was equal to the number of moles of Galectin-3. 

 

While no difference in fluorescence was seen when Galectin-3C was added to Aβ, addition of 

Galectin-3 to Aβ increased fluorescence. Hence, Galectin-3C was not sufficient to promote 

aggregation of Aβ. 
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7.5 Discussion 

7.5.1 Key differences between previous work on the role of Galectin-3 and 

Aβ aggregation 

While both Boza-Serrano and colleagues (Boza-Serrano et al., 2019) and Tao and colleagues 

(Tao et al., 2020) show that Galectin-3 promoted Aβ deposition, it is worth noting the key 

differences between how Galectin-3 was introduced and the results obtained. In the former, 

Aβ monomers were pre-incubated either alone or with Galectin-3 before intrahippocampal 

injections into WT mice. Immunohistochemical detection of Galectin-3 and Aβ after two 

months showed deposits only in co-injected mice (Boza-Serrano et al., 2019). 

 

In the latter, Aβ monomers alone were injected into both WT and Galectin-3-/- mice. Western 

blot analysis of hippocampal lysates shows presence of HMW Aβ oligomers as soon as 48 

hours after injection in both WT and Galectin-3-/- mice, with the amount of HMW Aβ oligomers 

reduced in the knockout mice. Furthermore, injections of Aβ alone increased HMW Aβ 

oligomers over time. Tao and colleagues also injected Galectin-3OE plasmids into WT mice, 

followed by Aβ monomer injections 2 hours later (Tao et al., 2020). Western blot analysis 48 

hours post-injections showed increased HMW oligomers in the Galectin-3OE plasmid injected 

mice. 

 

One key difference between the findings of the two experiments was whether Aβ 

oligomerisation was detected when it was injected in isolation into WT mice. While Tao and 

colleagues saw increased HMW Aβ oligomers over NH4OH controls, Boza-Serrano and 

colleagues did not detect Thioflavin S (ThioS)-reactivity in their Aβ only injected animals. Two 

methodological differences may explain their seemingly contrasting findings. While Boza-

Serrano and colleagues employed immunohistochemical detection of ThioS+ plaques, Tao 

and colleagues used western blots to show the presence of HMW Aβ oligomers. It is possible 
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that HMW oligomers were present in the Aβ injected hippocampi that were not detected by 

ThioS. Another possible explanation for this difference could be the time between injections 

and detection. While Tao and colleagues sacrificed their mice 48 hpi, the longer time between 

Aβ injection and sacrifice by Boza-Serrano and colleagues could have allowed for the 

clearance of these oligomers. 

7.5.2 Galectin-3C together with Aβ was sufficient to induce host 

expression of Galectin-3 

As there are only 2 studies to date directly showing the role of Galectin-3 in Aβ, and both had 

employed different methodologies as discussed in the previous section, it is important for me 

to replicate the results of the experiments. In my experiments, I elected to use 

immunohistochemical methods for detection as this preserves the spatial information on 

Galectin-3 and Aβ. I showed that intrahippocampal injections of Aβ were able to form deposits 

when pre-incubated with both full length Galectin-3 and Galectin-3C. Using Aβ antibodies for 

detection, I did not observe immunoreactivity from the animals injected with Aβ alone, 

suggesting that if there were any non-fibrillary Aβ present in these mice, they were under the 

limit of detection by immunohistochemistry (IHC). 

 

Next, I showed that mice injected with Aβ alone did not have increased Galectin-3 

immunoreactivity one month post injection. In contrast, mice injected with Galectin-3 and Aβ 

showed increased Galectin-3 immunoreactivity. A similar observation was made with animals 

injected with Galectin-3C + Aβ, showing Galectin-3 reactivity around the injection site. 

However, the Galectin-3 antibody used was raised against an epitope on the N-terminus which 

did not detect the purified Galectin-3C. Additionally, the Galectin-3 immunoreactivity in both 

Galectin-3 + Aβ and Galectin-3C + Aβ were mostly intracellular and co-localised with IBA1, 

suggesting that it was host-derived. 
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Hence, my experiments show that both Galectin-3 and its CRD, in combination with Aβ, were 

sufficient to induce prolonged ectopic expression of host Galectin-3 in a manner that Aβ alone 

was not. 

7.5.3 Galectin-3C did not result in HMW oligomers of Aβ. 

Next, I showed that in vitro, Galectin-3C did not drive the formation of HMW oligomers, but 

was sufficient to induce low molecular weight (LMW) oligomers. In contrast, full length 

Galectin-3 promoted HMW oligomer formation in vitro. Further characterisation of samples 

prepared in an identical manner to those injected into mice reveals presence of oligomers and 

short fibrils in Galectin-3 + Aβ but only small oligomers in Galectin-3C + Aβ. Furthermore, ThT 

assay showed that only full length Galectin-3 was able to promote aggregation of Aβ towards 

fibrils. This suggests that Galectin-3C alone was not sufficient to fully promote aggregation of 

Aβ. 

Taken together with the finding that Galectin-3C and Aβ co-injection was sufficient to drive 

formation of long-lasting Aβ deposits, this suggests that the LMW oligomers promoted by 

Galectin-3CRD was sufficient to induce prolonged host-derived Galectin-3 expression. 

However, this confounded with the original question of whether Galectin-3CRD alone was 

sufficient to promote Aβ deposition, as the increased host Galectin-3 could have initiated a 

feed-forward cycle, resulting in a similar effect as an injection with full length Galectin-3. 

Furthermore, it is unclear whether this increase in Galectin-3 expression by the host was due 

to LMW Aβ oligomers alone, the presence of Galectin-3CRD, or a combination of both. 

By performing the same injections into Galectin-3-/- mice, I showed that Galectin-3 in 

combination with Aβ was still able to induce formation of Aβ deposits detectable by 

immunohistochemistry. This suggests that while host-derived Galectin-3 may have contributed 

to Aβ deposition in WT mice, the exogenous Galectin-3 was sufficient to result in Aβ deposition. 
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7.5.4 Full length Galectin-3, but not Galectin-3C, was sufficient to promote 

Aβ deposition in Galectin-3-/- mice. 

As seen from the presence of deposits in Galectin-3-/- mice injected with Aβ + Galectin-3 

(Figure 7.3.2), Galectin-3 was able to induce Aβ deposition even in the absence of host 

Galectin-3. This is in contrast to Galectin-3C, where injection of Aβ + Galectin-3C into Galectin-

3-/- mice did not induce Aβ deposits. One possible explanation is that in Galectin-3+/+ mice, the 

small molecular weight oligomers or Galectin-3C induced expression of Galectin-3 in microglia. 

When secreted, host-derived Galectin-3 then caused further oligomerisation of Aβ into larger 

molecular weight oligomers and then deposition; in the Galectin-3-/- mice, without the 

production of host Galectin-3, deposition of Aβ was no longer observed. Hence, I have shown 

that the N-terminal oligomerisation domain of Galectin-3 is necessary for the ability of Galectin-

3 to promote Aβ aggregation in vitro, and to promote Aβ deposition in vivo. Furthermore, I 

showed that recombinant Galectin-3 alone without host Galectin-3 is sufficient to induce Aβ 

deposition. 

Altogether, these suggest that the HMW oligomers promoted by full length Galectin-3 were 

sufficient to induce long-lasting deposits of Aβ. 

7.5.5 Limitations 

7.5.5.1 in vitro aggregation assays 

While the thioflavin T assay can rapidly determine β-sheet fibril formation in Aβ preparations, 

it is ultimately a reductionist approach which does not fully recapitulate the physiological 

conditions of Aβ aggregation in AD. Firstly, the in vitro assays used high concentrations of 

Galectin-3 and Aβ which may force interactions that do not usually occur in vivo. Next, these 

assays lack physiological binding partners of Aβ which may also interact with Galectin-3 or Aβ 

to stabilise various states of Aβ; these include ApoE, Clusterin and other extracellular matrix 

(ECM) proteins. Furthermore, these assays are acellular. Both microglia and astrocytes are 

crucial in amyloid processing and have been shown to alter how Aβ aggregates (Baligacs et 
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al., 2024; Sollvander et al., 2016). The interactions between Galectin-3, Aβ and cellular 

degradation mechanisms cannot be recapitulated in these assays. 

Furthermore, the ThT aggregation assay was only a single technical replicate. As such, more 

validation needs to be performed to ensure that the effect observed can be replicated robustly. 

Lastly, the thioflavin T assay cannot detect oligomer formation. Hence, conditions which 

promote oligomerisation but not fibrilisation will not alter the kinetics of the thioflavin T assay.  

7.5.5.2 Potential artefact of in vivo injections 

I observed both Galectin-3 and Aβ reactivity in the hippocampus after injections of Galectin-3 

+ Aβ and Galectin-3C + Aβ. While this could have been due to Galectin-3 inducing Aβ 

oligomerisation and deposition, there are other potential artefacts which may have resulted in 

the presence of Aβ deposits. Firstly, the mechanical injury associated with injection may have 

induced a local inflammatory response. Hence, rather than being a Galectin-3 dependent 

effect, the deposition may also have required other factors derived from reactive glia in the 

injection region. Concurrently, a high concentration of Aβ was injected. Hence, the observed 

deposition could also be due to the clearance mechanisms being overwhelmed. Additionally, 

Galectin-3 was also introduced at supraphysiological concentrations. As with the in vitro 

oligomerisation assays, placing high concentrations of Galectin-3 and Aβ may artificially force 

interactions that may not be present under physiological conditions. As such, the aggregated 

species arising from Galectin-3 and Aβ in these assays may not represent those observed in 

disease. 

Lastly, there could have been a host response due to the recognition of non-self antigens. The 

injected Galectin-3 (both full length and CRD), and Aβ were human recombinant proteins. 

Since Galectin-3 functions as a Pattern Recognition Receptor, the increased host-derived 

Galectin-3 expression could reflect a general immune response against foreign antigens. 

Furthermore, the full length Galectin-3 was expressed in E. coli, and there could be endotoxins 

which could also trigger host immune response. 
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Future work could either test the preparations for endotoxins, or use recombinant proteins 

expressed in other systems (e.g. human embryonic kidney, HEK cells) or of synthetic origin. 

Furthermore, the use of mouse recombinant Galectin-3 could also ascertain that the host 

immune response to recombinant Galectin-3 is not due to cross species differences. 

7.5.5.3 Limited quantification of deposits 

In my work, assessment of Aβ deposition is largely based on histological observation, which 

is inherently qualitative or semi-quantitative. While this approach allows localisation of 

deposits, it limits the ability to accurately quantify differences in Aβ load between conditions. 

Future work should incorporate more quantitative biochemical approaches. Western blotting 

of brain homogenates can be used to detect Aβ species across different molecular weights, 

allowing comparison of soluble versus insoluble fractions and providing insight into the 

distribution of oligomeric and higher-order aggregates. ELISAs and Homologous Time 

Resolved Fluorescence (HTRF)-based assays offer greater sensitivity and specificity for 

quantifying total Aβ levels. Sequential extraction protocols (e.g., PBS-, detergent-, and formic 

acid–soluble fractions) can further distinguish between soluble and insoluble Aβ pools, 

enabling a more detailed characterisation of aggregation state. This would allow determination 

of whether observed differences in deposition reflect increased total Aβ. Quantitative analyses 

would strengthen conclusions by providing objective measures of Aβ burden and enabling 

more precise evaluation of the effects of Galectin-3 on aggregation and deposition in vivo. 
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Chapter 8: Final discussion 
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8.1 Overview and mechanistic model 
This thesis investigated whether Galectin-3 acts as a regulator of hippocampal neurogenesis, 

glial activation, Aβ uptake, and Aβ aggregation. The findings support a model in which 

Galectin-3 does not act through a single linear pathway, but instead functions as a context-

dependent mediator linking glial biology, extracellular protease activity, and amyloid 

aggregation. 

 

Figure 8.1: Central model integrating Galectin-3, Aβ and glial biology. 

 

The central model arising from my work is that Galectin-3 can influence Alzheimer’s disease-

relevant biology through two partially separable mechanisms. First, Galectin-3 can act directly 

on Aβ, promoting the formation of high molecular weight oligomers and facilitating deposition. 

Second, Galectin-3 can act on glial cells, particularly astrocytes, to alter expression of amyloid-

degrading enzymes, including MMP9, thereby modifying Aβ processing and subsequent 



167 
 

microglial uptake. These mechanisms converge on Aβ accumulation and clearance, while also 

providing a route through which Galectin-3 may indirectly affect the neurogenic niche. 

This framework reconciles the major findings of the thesis: Galectin-3 reduced neural stem 

cell proliferation in vitro but did not significantly alter hippocampal neurogenesis in healthy 

adult mice; Galectin-3 knockout altered microglial morphology but did not induce broad 

changes in DAM gene expression; Galectin-3 altered astrocytic DAA-associated gene 

expression and increased MMP9; Galectin-3 enhanced microglial Aβ uptake only in the 

presence of astrocytes; and full-length Galectin-3, but not Galectin-3C alone, promoted Aβ 

oligomerisation and deposition. 

Altogether, these findings suggest that Galectin-3 is best understood as a multicellular and 

context-dependent regulator rather than as a direct driver of one isolated pathological pathway. 

8.2 Galectin-3 and hippocampal neurogenesis 

One aim of my thesis was to determine whether Galectin-3 regulates hippocampal 

neurogenesis. This was motivated by previous work showing that Galectin-3 regulates 

postnatal SVZ neurogenesis and gliogenesis (Al-Dalahmah, Campos Soares, et al., 2020), 

together with evidence that adult hippocampal neurogenesis is altered in Alzheimer’s disease 

(discussed in chapter 1). in vitro, recombinant Galectin-3 reduced neurosphere size without 

altering differentiation into neurons or astrocytes. This suggests that Galectin-3 can directly 

suppress neural stem cell proliferation under simplified culture conditions. However, this effect 

was not clearly reproduced in vivo. Galectin-3 knockout did not significantly alter the density 

of label-retaining neural stem cells, neuroblasts, or post-mitotic neurons in the adult 

hippocampus. Similarly, Galectin-3 knockout did not significantly alter the distribution of newly 

generated neurons within the granule cell layer. These findings indicate that, under 

homeostatic conditions, endogenous Galectin-3 is not a major regulator of adult hippocampal 

neurogenesis. 

The discrepancy between the in vitro and in vivo findings is important. in vitro neurosphere 

assays isolate neural progenitors from their niche and expose them to defined concentrations 
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of recombinant Galectin-3. In contrast, in vivo hippocampal neurogenesis occurs within a 

complex environment shaped by astrocytes, microglia, vasculature, extracellular matrix, 

neuronal activity, and systemic factors. It is therefore possible that Galectin-3 can act directly 

on neural progenitors, but that this effect is buffered in vivo by the surrounding niche. 

A second explanation is that Galectin-3 expression in the healthy adult hippocampus may be 

too low to exert a strong effect on neurogenesis. Galectin-3 expression is markedly increased 

in Alzheimer’s disease models and after inflammatory stimulation, suggesting that its effects 

on the neurogenic niche may become more relevant under pathological conditions. Thus, the 

absence of a strong phenotype in healthy mice does not exclude a role for Galectin-3 in 

regulating neurogenesis in disease, where Galectin-3 levels, glial activation, and inflammatory 

signalling are substantially altered. 

This interpretation positions neurogenesis as a downstream and context-dependent endpoint 

of Galectin-3 activity. Galectin-3 may affect neural progenitors directly, but its more 

physiologically relevant effects may occur indirectly through modulation of glial cells, 

inflammatory mediators, and amyloid pathology. 

8.3 Galectin-3 and glial biology 

Galectin-3 is strongly associated with glial activation in AD, where it is upregulated in plaque-

associated microglia and disease-associated microglial populations (Grubman et al., 2021; 

Keren-Shaul et al., 2017). It has also been implicated in inflammatory signalling, including 

responses to Aβ and LPS (Burguillos et al., 2015). Based on this literature, Galectin-3 was 

expected to influence microglial activation and disease-associated gene expression. 

The findings of my thesis complicate this view. Firstly, microglia expressing Galectin-3 were 

not morphologically distinct from non-expressing microglia in WT mice, suggesting that 

Galectin-3 expression alone is not sufficient to define a morphologically reactive microglial 

state under homeostatic conditions. However, Galectin-3 knockout increased microglial 

ramification, particularly in middle-aged mice, indicating that endogenous Galectin-3 can 

influence microglial morphology. While increased ramification may reflect reduced activation, 
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microglial morphology does not directly define function and morphological analysis alone 

cannot establish inflammatory phenotype. Therefore, while the morphology data support a role 

for Galectin-3 in shaping microglial state, it should not be overinterpreted as proof of altered 

microglial function. 

At the transcriptional level, Galectin-3 modulation did not significantly alter selected DAM-

associated genes in primary microglia or BV2 cells. This suggests that Galectin-3 alone is not 

sufficient to induce a DAM-like state in vitro. DAM states arise in complex disease 

environments involving chronic Aβ exposure, plaque proximity, astrocytic interactions, and 

tissue-level inflammatory cues. Simplified in vitro monoculture systems cannot reproduce this 

environment. Hence, this negative result does not rule out a role for Galectin-3 in DAM biology 

in vivo. 

In contrast, Galectin-3 altered DAA-associated gene expression in astrocytes. This suggests 

that astrocytes may be more transcriptionally responsive than microglia to Galectin-3 under 

these experimental conditions. However, as with DAM markers, DAA-associated gene 

expression should not be equated with a full disease-associated astrocyte state. Nevertheless, 

this suggests that Galectin-3 may regulate glial biology less by directly inducing microglial 

DAM identity, and more by altering astrocytic state and astrocyte-mediated control of microglial 

function. 

8.4 Astrocyte–microglia crosstalk and Aβ uptake 

One of the key findings of my thesis is that Galectin-3 increased microglial uptake of pHrodo-

labelled Aβ in mixed glial cultures, but not in BV2 microglia or purified primary microglia. This 

indicates that the increased uptake is not purely cell-autonomous to microglia. Instead, 

astrocytes are required for the Galectin-3-mediated increase in Aβ uptake. Astrocyte 

conditioned medium experiments further support this interpretation, as Galectin-3-treated 

astrocyte-conditioned medium increased microglial Aβ uptake. This suggests that soluble 

astrocyte-derived factors are sufficient to mediate at least part of the effect. However, direct 

contact-dependent mechanisms cannot be fully excluded in mixed cultures, and the pHrodo 
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assay itself measures acidification rather than uptake alone. Lastly, I did not ascertain whether 

the Aβ was degraded by microglia, or merely accumulated in lysosomes. Therefore, the effect 

should be described as increased Aβ uptake-associated pHrodo signal, rather than increased 

degradation. 

This finding supports a multicellular model in which Galectin-3 acts on astrocytes, which then 

modify the extracellular environment and influence microglial Aβ uptake. This is consistent 

with the broader literature showing that astrocytes and microglia reciprocally regulate each 

other’s activation states in neurodegenerative disease. 

The mixed glia culture data also help reconcile the lack of DAM gene induction. In this case, 

microglial Aβ uptake was altered only when astrocytes were present, suggesting that the effect 

of Galectin-3 may occur through astrocyte-derived signalling rather than through a cell-intrinsic 

DAM program. 

 

8.5 MMP9 as part of a broader protease network 

The data in my thesis identify MMP activity as a potential mediator of Galectin-3-dependent 

Aβ uptake. Galectin-3 increased the expression of amyloid-degrading enzymes in astrocytes, 

including Mmp2, Mmp9, and Scarb1, and increased both pro-MMP9 and active MMP9 protein 

levels in mixed glial cultures. Inhibition of MMP activity with Marimastat reduced Aβ uptake in 

mixed glial cultures and attenuated the Galectin-3-mediated increase in pHrodo signal. 

Together, these findings support a model in which Galectin-3 acts on astrocytes to modify the 

extracellular environment, thereby influencing the form of Aβ encountered by microglia and 

hence microglial uptake. 

MMP9 may contribute to this by cleaving Aβ, thus altering its aggregation state or modifying 

receptor accessibility. In this model, astrocytes alter the form of Aβ that microglia encounter 

via secreted amyloid degrading enzymes. However, since Marimastat is a broad-spectrum 

MMP inhibitor, and astrocytes express multiple amyloid-degrading enzymes, MMP9 may not 

be the sole regulator of this process. Therefore, MMP activity contributes to the Galectin-3-
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mediated increase in Aβ uptake, with MMP9 representing one component of a broader 

astrocyte-derived protease network. Further work would be required to establish whether 

MMP9 is necessary and sufficient. Such experiments could include selective MMP9 inhibition, 

Mmp9 knockout astrocytes, recombinant MMP9 rescue, or direct biochemical analysis of Aβ 

species after exposure to Galectin-3-treated astrocyte-conditioned medium. 

 

8.6 MMP9 as a context-dependent modulator of Aβ processing 

and neurodegeneration 

In the central nervous system (CNS), MMP9 has roles in neural development, synaptic 

plasticity, angiogenesis, and neural progenitor migration (Cai et al., 2017; Dziembowska & 

Wlodarczyk, 2012; Gore et al., 2021; Kang et al., 2008). In the context of AD, MMP9 is also 

relevant because it can degrade Aβ, including fibrillar Aβ, and has been detected in association 

with Aβ pathology (Py et al., 2014; Yan et al., 2006).  

In this thesis, I show that Galectin-3-mediated upregulation of astrocytic MMP9 could plausibly 

alter Aβ by proteolytic cleavage, which could lead to altered aggregation states, changes in 

solubility, or changes in receptor accessibility prior to microglial uptake. However, it is crucial 

that MMP9 should not be presented as a solely protective mediator. Although MMP9 can 

contribute to Aβ degradation, its role in AD is likely context dependent. 

8.6.1 MMP9 can contribute to AD pathologies 

Bruno and Cuello show that Mmp9 degrades mature NGF (Bruno & Cuello, 2006), and that 

NGF is altered in AD patients alongside an upregulation of Mmp9 levels and activity (Bruno et 

al., 2009). Nerve Growth Factor (NGF) is essential for the survival and function of basal 

forebrain cholinergic neurons (BFCN), with heterozygous NGF mutants showing reduced 

Choline acetyltransferase+ cell numbers and size, along with cognitive defects (Chen et al., 

1997). In AD, BFCNs are especially vulnerable, with loss of BFCN activity being characteristic. 
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In addition, MMP9 can cleave Tau into fragments with increased pro-aggregatory properties 

(Frost et al., 2009; Nubling et al., 2012).  

8.6.2 MMP9 leads to blood brain barrier (BBB) breakdown in AD and 

other neurological conditions 

Aβ deposits around arteries are commonly seen in AD patients which can lead to cerebral 

amyloid angiopathy (CAA) (Jellinger, 2002). Both matrix metalloproteinase 2 (MMP2) and 

MMP9 are observed in CAA vessels in AD patients and mouse models, with levels higher in 

haemorrhagic brain regions (Hernandez-Guillamon et al., 2012). Work by Mulder and 

colleagues (2012) has shown that primary human astrocytes upregulate amyloid degrading 

enzymes including MMPs 2/9 when exposed to Aβ (Mulder et al., 2012). Together, these show 

that Aβ pathology could induce expression of MMPs 2/9, which could lead to degradation of 

the BBB, resulting in complications such as haemorrhagic bleeds. 

Mmp9 levels are upregulated after cerebral ischemic stroke (Turner & Sharp, 2016) and has 

been shown to lead to BBB breakdown (Asahi et al., 2001; Mun-Bryce & Rosenberg, 1998), 

with increasing levels of Mmp9 correlating with poor outcomes (Inzitari et al., 2013).  

Additionally, knockout of Mmp9 protected postnatal mice from BBB breakdown after hypoxia-

ischemia (Svedin et al., 2007). 

Taken together, these suggest that the upregulation of MMP9 in AD can contribute to BBB 

breakdown. Since inhibition of MMP9 after hypoxia-ischemia is BBB-protective, MMP9 

inhibition may also be beneficial in AD where BBB breakdown is seen. To this end, knockout 

of MMP9 has been shown to rescue cognitive deficits in both Aβ injected mice (Mizoguchi et 

al., 2009) and in 5xFAD mice (Ringland et al., 2021). 

Altogether, Galectin-3-dependent induction of MMP9 may contribute to Aβ clearance in one 

context while promoting other pathological processes in another. 
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8.7 Galectin-3, inflammation, and MMP9 in vivo 

The in vivo LPS experiments described in my work extend the Galectin-3–MMP9 axis into an 

inflammatory context. In primary cultures, Galectin-3 knockout reduced the LPS-induced 

increase in MMP9, suggesting that endogenous Galectin-3 contributes to inflammatory 

regulation of MMP9 in vitro. This is consistent with the broader role of Galectin-3 as an 

inflammatory mediator and with the ability of LPS to induce Galectin-3 expression in microglia 

and brain tissue.  

However, the in vivo findings were more complex. Peripheral LPS increased MMP9 levels in 

the brain, but the effect of Galectin-3 knockout differed between sexes. In males, Galectin-3 

knockout showed a trend towards reducing LPS-induced MMP9, broadly aligning with the in 

vitro glial culture findings. In females, the effect was reversed, with Galectin-3 knockout 

increasing the LPS-mediated MMP9 response. This indicates that Galectin-3 may not regulate 

MMP9 uniformly across biological contexts. However, the small sample size (n = 3 per 

condition and sex) limits interpretation of the results.  

These findings have two major implications. First, they support the idea that Galectin-3 

participates in inflammatory regulation of MMP9. Second, they show that this regulation is sex-

dependent and context-sensitive. Galectin-3 should therefore not be described simply as a 

positive regulator of MMP9. Its effect likely depends on cellular composition, inflammatory 

stimulus, sex, and the balance between central and peripheral immune signalling. 

This complexity is important in the context of AD. MMP9 has potentially beneficial effects 

through Aβ degradation, but also potentially harmful effects through Tau cleavage, NGF 

degradation, extracellular matrix remodelling, and BBB disruption. Thus, whether Galectin-3-

mediated regulation of MMP9 is protective or detrimental may depend on disease stage and 

tissue context. For example, increased MMP9 could support Aβ clearance in a glial 

environment where proteolytic degradation is dominant, but contribute to vascular instability 

or neuronal vulnerability where BBB breakdown, CAA, or Tau pathology are prominent. 
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Lastly, if Galectin-3 inhibition reduces MMP9 in one sex or context but increases it in another, 

targeting Galectin-3 may not produce uniform downstream effects. Further understanding of 

how Galectin-3 may differentially regulate MMP9 levels in a sex-dependent manner will allow 

us to stratify patients based on sex and improve therapeutic outcomes. This is particularly 

relevant for AD, where sex differences in disease prevalence, immune responses, and glial 

biology have been described. My data therefore strengthen the mechanistic link between 

Galectin-3 and inflammatory MMP9 regulation, but also indicate that Galectin-3-targeted 

therapies would require careful consideration of sex, inflammatory state, and disease stage. 

Overall, these findings position MMP9 as a context-dependent downstream mediator within 

the broader Galectin-3 network. Rather than acting as a simple linear pathway, Galectin-3 

appears to sit at the intersection of amyloid processing and glial reactivity. This supports the 

central model of the thesis: Galectin-3 links Aβ aggregation and glial biology through multiple 

interacting mechanisms, with MMP9 acting as one important but non-exclusive component. 

8.8 Galectin-3 and Aβ aggregation 

The final component of the mechanistic model concerns the direct effect of Galectin-3 on Aβ 

aggregation. In vivo, Aβ alone did not induce detectable deposits after intrahippocampal 

injection, whereas co-injection of Aβ with full-length Galectin-3 induced Aβ deposition. 

Importantly, full-length Galectin-3 also induced Aβ deposition in Galectin-3 knockout mice, 

demonstrating that exogenous full-length Galectin-3 was sufficient to promote deposition 

without host-derived Galectin-3. 

The Galectin-3 Carbohydrate recognition domain (Galectin-3C) experiments refine this 

conclusion. In WT mice, Aβ co-injected with Galectin-3C produced deposits, but Galectin-3 

immunoreactivity appeared to be host-derived. In Galectin-3 knockout mice, Aβ with Galectin-

3C did not induce deposition. Therefore, Galectin-3C alone was not sufficient to promote Aβ 

deposition under these conditions. Instead, the WT Galectin-3C result is best interpreted as a 

host-response effect, in which Galectin-3C and/or Aβ induced endogenous full-length 

Galectin-3, which then contributed to deposition. 
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The in vitro aggregation assays support this interpretation. Full-length Galectin-3 promoted 

the formation of high molecular weight Aβ oligomers and increased Thioflavin T signal, 

whereas Galectin-3C did not promote comparable high molecular weight oligomer formation. 

These findings suggest that the N-terminal oligomerisation domain of Galectin-3 is required 

for its ability to promote high-order Aβ assembly. 

This provides a direct biochemical arm of the model: full-length Galectin-3 can promote Aβ 

oligomerisation and deposition through its oligomerisation capacity. This mechanism is distinct 

from, but potentially interacts with, the glial mechanism described above. Galectin-3 may both 

promote Aβ aggregation directly and alter Aβ uptake indirectly through astrocyte-mediated 

changes in protease activity. 

This raises the question of Galectin-3’s role in Aβ oligomerisation, whether this is an intrinsic 

function of Galectin-3, or a byproduct of Galectin-3 biology. Galectin-3 has been shown to 

promote phagocytosis of glycosylated cargo by acting as an opsonin. In this model, it binds to 

MerTK on microglia as well as its cargo to promote clearance of neuronal debris, myelin, and 

bacteria (Cockram et al., 2019; Reichert et al., 1994; Yip et al., 2017). It is possible that 

Galectin-3 intrinsically binds to Aβ, acting as a damage associated molecular pattern to 

promote clearance of Aβ amongst other debris. Unlike other cargo that Galectin-3 recognizes, 

Aβ has the potential to aggregate into cytotoxic forms. This is also observed in the case of 

Tau, where Galectin-3 also promotes its aggregation (Siew et al., 2024). As such, it is likely 

that while the intrinsic role of Galectin-3 is to opsonise debris for clearance by immune cells, 

the role of Galectin-3 in Aβ oligomerisation is extrinsic.  

8.9 Integrating Galectin-3, Aβ aggregation, MMP9, and 

neurogenesis 

The findings support an integrated model in which Galectin-3 links amyloid pathology, glial 

biology, and neurogenesis through both direct and indirect mechanisms. 
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At the molecular level, full-length Galectin-3 promotes Aβ oligomerisation and deposition. This 

effect requires the N-terminal oligomerisation domain, as Galectin-3C alone was insufficient 

to promote high molecular weight Aβ oligomers or deposition in Galectin-3 knockout mice. 

At the cellular level, Galectin-3 acts on astrocytes to alter expression of DAA-associated genes 

and amyloid-degrading enzymes, including MMP9. This changes the extracellular 

environment in which microglia encounter Aβ. Increased MMP activity may alter Aβ structure, 

solubility, or receptor accessibility, thereby affecting uptake by microglia. The fact that 

Galectin-3 increased pHrodo-Aβ signal only in mixed glial cultures indicates that astrocyte–

microglia crosstalk is central to this mechanism. Galectin-3 also acts on neural stem cells, 

decreasing proliferation directly but not differentiation. 

At the tissue level, these glial and amyloid-related processes may influence the hippocampal 

neurogenic niche. Galectin-3 directly reduced neural stem cell proliferation in vitro, but its 

knockout did not significantly alter hippocampal neurogenesis in healthy adult mice. This 

suggests that Galectin-3 may have the capacity to influence neurogenesis, but that its effects 

are context-dependent in vivo. In Alzheimer’s disease, where Galectin-3, Aβ, glial activation, 

and inflammatory proteases are all elevated, hippocampal neurogenesis may be diminished 

by a combination of these factors. 

Thus, Galectin-3 may affect neurogenesis in disease less as a direct stem-cell regulator and 

more as a modifier of the inflammatory and amyloid-rich niche. This model links the 

neurogenesis findings with the glial and Aβ aggregation findings, rather than treating them as 

separate outcomes. 

8.10 Galectin-3 and ageing 

Serum Galectin-3 levels increase with age in the general population (de Boer et al., 2012), 

and multiple diseases have been associated with increased levels of Galectin-3. 

Oxidized phosphatidylcholines (OxPCs) are neurotoxic lipid byproducts of oxidative stress that 

accumulate with age (Dong & Yong, 2022). In ageing mouse spinal cord, increased Galectin-

3 is correlated with neurodegeneration. Co-injection of Galectin-3 with OxPC exacerbated 
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OxPC induced neuroinflammation and neurodegeneration, and the converse is true where 

Galectin-3-/- mice show reduced OxPC-mediated damage (Xue et al., 2023). This suggests 

that Galectin-3 may synergise with other age-associated markers, further increasing disease 

phenotypes. 

Galectin-3 has also been proposed as a biomarker of frailty. Increased Galectin-3 was 

correlated with higher frailty scores, C-reactive protein and IL-6 levels (Ji et al., 2023), 

suggesting that Galectin-3 could be promoting macrophage inflammatory signalling, which 

could result in inflammaging. 

Hence, in aged tissues, Galectin-3 adopts a more pro-inflammatory role, contributing to 

chronic inflammation. This contrasts with developing tissues where Galectin-3 has other roles 

including cell adhesion and apical basal polarity (Soares et al., 2025). 

8.11 Galectin-3 in AD patients 

Single-cell RNA-sequencing analyses of patient samples show stronger upregulation of 

Galectin-3 in monocytes and astrocytes as compared to microglia (Olah et al., 2020). In mice, 

Galectin-3 is also expressed in ependymal cells (Comte et al., 2011). One possible explanation 

is that mouse models of AD tend to exhibit more severe pathologies, which may account for 

the robust increase of microglial Galectin-3 observed in these systems. In these models, we 

see Galectin-3 expressing microglia around Aβ plaques. A similar observation was made in 

human AD brain samples (Boza-Serrano et al., 2019). Hence, the relatively low detection of 

microglia expressing Galectin-3 in human single cell RNA sequencing studies could reflect 

that the Galectin-3-expressing population is enriched in plaque adjacent microglia and is 

consequently under-represented in single-cell RNA sequencing analyses.  

Importantly, Galectin-3 can be secreted and has been shown to be upregulated in patient CSF 

and sera (Ashraf & Baeesa, 2018; Boza-Serrano et al., 2022), suggesting that extracellular 

Galectin-3 may play a more significant role in disease progression. Consistent with this, I show 

that Galectin-3 treatment of murine astrocytes increased expression of disease-associated 

genes and ECM remodelling enzymes. Hence, while Galectin-3 expression by microglia as 
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detected by scRNAseq studies may appear low, increased Galectin-3 levels in patient serum 

and CSF supports the relevance of Galectin-3 in AD. Future work employing spatial 

transcriptomics can determine if Galectin-3 expressing microglia are enriched around Aβ 

plaques. 

8.12 Implications for Galectin-3 as a therapeutic target 

The data presented in this thesis support Galectin-3 as a plausible therapeutic target in 

Alzheimer’s disease, but also indicate that its functions are complex. Inhibition of Galectin-3 

may reduce Aβ aggregation directly by preventing Galectin-3-mediated oligomerisation. It may 

also alter glial responses, including astrocyte activation and MMP9 regulation. These effects 

could be beneficial if they reduce pathological aggregation or excessive neuroinflammatory 

signalling. 

However, my findings also indicate that Galectin-3 inhibition may have context-dependent 

consequences. Galectin-3 increased microglial Aβ uptake in mixed glial cultures through 

astrocyte-derived factors, suggesting that Galectin-3 can also enhance aspects of Aβ 

clearance or processing. Complete inhibition of Galectin-3 could therefore have both beneficial 

and detrimental effects depending on disease stage, cell type, and local pathology. 

This is particularly important for MMP9. MMP9 may contribute to Aβ degradation and uptake, 

but it can also participate in inflammatory tissue remodelling and blood–brain barrier disruption. 

Therefore, Galectin-3-dependent regulation of MMP9 should not be assumed to be uniformly 

protective or harmful. Instead, the therapeutic value of targeting Galectin-3 likely depends on 

whether the dominant disease process is Aβ aggregation, impaired clearance, glial 

inflammation, or vascular dysfunction. 

8.12.1 Clinical trials with Galectin-3 as a target 

Human patients with liver fibrosis show increased Galectin-3 expression associated with 

cirrhotic nodules, and this is also seen in the CCl4 model of liver fibrosis in rats (Henderson et 

al., 2006). Crucially, while Galectin-3 knockout did not alter the initial injury caused by CCl4, 
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small interfering RNA (siRNA) inhibition of Galectin-3 decreased hepatic stellate cell (HSC) 

activation as evidenced by decreased alpha-smooth muscle actin (α-SMA) (Henderson et al., 

2006). 

Administration of adenoviral-TGF-β1 into mice induced fibrosis of the lung, with interstitial 

areas showing increased collagen (Mackinnon et al., 2012). Immunohistochemical staining 

reveal expression of Galectin-3 by alveolar macrophages, with increases in Galectin-3 levels 

in the bronchoalveolar lavage fluid (Mackinnon et al., 2012). In Galectin-3-/- mice, the effect of 

adenoviral-TGF-β1 was ameliorated (Mackinnon et al., 2012). 

Similar effects of Galectin-3 modulation were observed in other fibrotic conditions including 

renal fibrosis and arteriosclerosis (Henderson et al., 2008; MacKinnon et al., 2013). 

As such, inhibitors of Galectin-3 have been tested in clinical trials for treatment of fibrotic 

conditions. Inhaled TD-139/GB0139 was tested for treatment of idiopathic pulmonary fibrosis 

(NCT03832946) and GR-MD-02 was tested for treatment of liver fibrosis (Harrison et al., 2018). 

However, while these showed promise in pre-clinical models, clinical trials were terminated 

after a lack of efficacy. 

In AD, TrueBinding had an ongoing clinical trial (NCT05476783) for TB006, an α-Galectin-3 

monoclonal antibody (mAb). Unfortunately, the trial was prematurely terminated due to 

resource constraints. Nonetheless, it highlights the potential for Galectin-3 as a target in AD, 

and my work suggests several processes that Galectin-3 is involved in that can be targeted 

by using Galectin-3 inhibitors in AD treatment. 

8.12.2 Galectin-3 inhibition as a BBB protective therapy 

In Chapter 6, I show that treatment of primary murine astrocytes with Galectin-3 increases 

MMP9 levels. This was previously observed in other cell types. I also show that Galectin-3-/- 

astrocytes have a diminished response to LPS in terms of MMP9 secretion. As it is well known 

that MMP9 contributes to the breakdown of the BBB, this is of great interest as it highlights 

how Galectin-3 inhibition could potentially protect against BBB breakdown both in ageing (as 

Galectin-3 is increased with age, and could potentially increase MMP9 levels) and in disease. 
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Furthermore, Galectin-3 also appears to increase microglial reactivity, with the increase in 

Galectin-3 in WT 7M mice, there was a bigger difference between microglia from Galectin-3+/+ 

and Galectin-3-/- mice at middle-age than there was in young mice, suggesting that the 

increased Galectin-3 could have a role in this. 

Altogether, these seem to highlight a potential for inhibition of Galectin-3 as protective against 

the effects of ageing in addition to being a possible target in AD (Knox et al., 2022). 

8.12.3 Galectin-3 inhibition could reduce neuroinflammation 

In Chapter 4, I have shown that knockout of Galectin-3 in vivo increased ramification of 

microglia, even in healthy young adult mice and more so in middle-aged mice (Figures 4.4.2 

and 4.4.3). In disease, Galectin-3 is upregulated and could have a stronger effect on microglial 

state. Furthermore, treatment of primary murine astrocytes with exogenous Galectin-3 

induced expression of the disease-associated astrocyte (DAA) genes Clu, Gsn in a similar 

manner as treatment with AβO1-42 did. Galectin-3 also increased expression of Fxyd1 and 

Serpina3 independent of AβO1-42. Hence, inhibition of Galectin-3 could be beneficial by 

reducing the expression of disease associated glial genes, and groups are already identifying 

BBB-penetrant molecules which can inhibit Galectin-3 (Liu et al., 2025). 

 

8.12.4 Galectin-3 inhibition could increase neurogenesis 

In Chapter 3, I showed that addition of Galectin-3 to neurosphere cultures decreased 

proliferation of neural stem cells (Figure 3.2.1). While in healthy WT mice knockout of Galectin-

3 did not significantly alter neurogenesis, I have shown that Galectin-3 is mostly detected in 

the CA1 in the hippocampus under homeostatic conditions. In AD, Aβ plaques are found in the 

dentate gyrus in both human patients (Thal et al., 2002) and mouse models of AD. Galectin-3 

has been shown to colocalise with Aβ plaques and has been correlated with cognitive decline 

(Boza-Serrano et al., 2022). As there are increased levels of Galectin-3 in AD, inhibition of 

Galectin-3 may also increase neurogenesis in these conditions. 
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8.13 Limitations of current work 

8.13.1 Cx3cr1-GFP mice 

In my phagocytosis assays, I used primary glial cells extracted from Cx3cr1-GFP+/- pups. 

Previously, I highlighted that microglia proliferate once the astrocytic layer is confluent. As 

such, if I had used WT glia, I would not have been able to distinguish if the phagocytosis was 

occurring in microglia or astrocytes. Using Cx3cr1-GFP+/- glia allowed me to address this. 

However, Cx3cr1 knockout mice have previously been shown to have increased phagocytosis 

of Aβ (Liu et al., 2010). This was also true of their microglia in vitro, where the authors showed 

increased Aβ1-42 uptake by Cx3cr1-/- microglia (Liu et al., 2010). While other work has also 

shown that Cx3cr1-GFP+/- mice are significantly different from Cx3cr1-GFP-/- mice in terms of 

phagocytosis (Zabel et al., 2016), knockdown of Cx3cr1 in APP/PS1 mice (Cx3cr1+/-) have 

been shown to increase Aβ phagocytosis (Hickman et al., 2019; Lee et al., 2010). While I 

showed that Galectin-3 increased phagocytosis by microglia via astrocytic secretion of MMPs, 

it was possible that Cx3cr1-GFP+/- microglia had increased capacity for phagocytosis of Aβ, 

and in WTs, the upregulation of MMP9 would not have altered phagocytosis by microglia. One 

possible improvement would be to use WT microglia stained with CellTracker Green 

(Invitrogen, C7025) in the conditioned media experiments. To improve on this further, I believe 

that using the hiPSC models I discussed previously may recapitulate human disease more so 

than primary murine cells. 

8.13.2 Primary glial cultures 

In Chapters 4 and 5, I performed gene expression and functional analyses on primary glia 

under various conditions – in monoculture, with astrocyte conditioned medium, and in co-

cultures.  
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8.13.2.1 Sources of glial cultures 

The primary glial cells used in my experiments were isolated from neonates. In adult microglia, 

regional differences in gene expression and morphology have been noted by multiple studies 

(Tan et al., 2020). Since Aβ plaques are observed mostly in the hippocampus in early phases 

of the disease, it is possible that glia in different brain regions may have different plaque 

clearing abilities. In addition to regional heterogeneity of microglia, neonates also have a 

subpopulation of microglia in a highly activated state (Hammond et al., 2019). Hence, care 

was taken during the dissection of the brain to only include the cortex and hippocampus. 

However, the possibility that other brain regions were present in the cultures cannot be 

excluded. 

8.13.2.2 Purified glial cultures 

To obtain cultures of purified microglia and astrocytes, microglia were dissociated from 

mixed glial cultures derived from whole mouse forebrains by mechanical shaking. 

Firstly, such mechanical methods may result in contamination by other cell types. Next, 

while purified glial cultures provide a controlled system to assess cell-autonomous 

responses, they represent a highly reductionist model of glial biology. By isolating 

microglia or astrocytes, these systems remove confounding influences from other cell 

types, allowing direct interrogation of whether Galectin-3 acts intrinsically on a specific 

population. However, glial cells in vivo exist within a complex network of bidirectional 

signalling involving astrocytes, microglia, neurons, amongst other cells. In the absence 

of these interactions, purified glia lack key regulatory inputs and may adopt altered 

activation states, which can lead to both false-negative and misleading interpretations. 

8.13.2.3 Mixed glial cultures 

In mixed glial cultures, both astrocytes and microglia may contribute to the observed 

outcomes, making it difficult to resolve the cellular source of specific effects. As a result, 

changes such as increased Aβ uptake cannot be definitively attributed to a direct 
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microglial response to Galectin-3, astrocyte-mediated signalling, or a combination of 

both. For example, the enhanced Aβ uptake observed in chapter 5 may arise from 

astrocyte-secreted factors, alterations in Aβ processing, or changes in microglial 

reactivity due to glial crosstalk. This lack of cellular resolution limits mechanistic 

interpretation and complicates the identification of the primary driver of the observed 

phenotype. 

The mixed glial cultures may also not accurately reflect physiological microglia-to-

astrocyte ratios. As a result, the balance of signalling between these cell types is likely 

altered, potentially amplifying paracrine interactions. Consequently, effects arising 

from astrocyte–microglia crosstalk, such as changes in Aβ uptake, may be 

exaggerated under these conditions and may not scale proportionally in the intact 

brain. This limits the extent to which findings from mixed cultures can be directly 

extrapolated to in vivo glial dynamics. 

8.13.2.4 Conclusions 

Future work can use immunopanning or cell sorting to ensure that purified cultures do 

not contain any contaminating cells. This can also allow more precise control of 

microglia-to-astrocyte ratios to better recapitulate physiological ratios. Another 

possible improvement would be the use of human cells. In addition to the control of 

cellular ratios, hiPSC-microglia and hiPSC-astrocyte media can be fully defined and 

serum-free (Canals et al., 2018; van Wilgenburg et al., 2013), reducing differences 

between cultures in the long term. 

Alternatively, ex vivo organotypic cultures can also be used to replicate the cellular 

ratios and incorporate signals from other neural cells. Thereafter, immunocytochemical 

or immunohistochemical analysis can be used to identify the effects of treatments on 

each cell type by co-labelling with cell-specific markers, or cell sorting prior to qPCR 
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or western blotting will provide better resolution as to the relative contribution of each 

cell population to the observed effects.  

8.13.3 Use of human rGalectin-3 and Aβ1-42 in murine models 

In my work, I have used human recombinant proteins (Galectin-3, Galectin-3C and Aβ1-42). 

These may affect murine cells and brains differently than mouse proteins would. 

Importantly, I showed that human Galectin-3 interacts with human Aβ1-42 to promote its 

aggregation (Chapter 7). However, it is important to note that these experiments were 

performed either in vitro (ThT aggregation assay) or within the murine brain (stereotaxic 

injections). In the latter, the exogenous (human) proteins may have different interactions with 

the host (murine) proteins. 

Galectin-3 has multiple binding partners involved in various cellular mechanisms including 

phagocytosis (triggering receptor expressed on myeloid cells 2, TREM2) (Boza-Serrano et al., 

2019), immune signalling (TLR4) (Burguillos et al., 2015). Since Galectin-3 binds to β-

galactoside-containing glycans, and glycosylation sites may have cross-species differences, 

the human isoform of Galectin-3 may have altered affinities to the murine binding partners. If 

so, the differences in the strength of interaction between Galectin-3 and its binding partners 

may exaggerate or dampen downstream signalling responses. This could lead to murine 

microglia and astrocytes having different responses as compared to human microglia and 

astrocytes. However, it is important to note that mouse and human Galectin-3 are highly 

conserved, and especially so for the carbohydrate recognition domain, as discussed in chapter 

1. 

8.13.4 Aβ-galectin-3 pre-incubation conditions 

For experiments involving injections of Aβ1-42, Aβ monomers dissolved in PBS were 

incubated for an hour at 37 °C either alone, with full length Galectin-3, or with C-

terminal truncated Galectin-3 (Galectin-3C). As with the in vitro aggregation assays, 

pre-incubation at relatively high concentrations of Aβ and Galectin-3 imposes artificial 



185 
 

interaction conditions that may not reflect physiological levels. This may promote non-

physiological binding and aggregation, potentially exaggerating the extent of Galectin-

3–Aβ interactions and subsequent deposition. In addition, pre-incubation occurs in the 

absence of physiological binding partners, such as lipoproteins, extracellular matrix 

components, and other Aβ-interacting proteins. As a result, Galectin-3 and Aβ interact 

in a simplified environment that does not recapitulate the competitive and regulatory 

conditions present in vivo. 

8.13.5 Limitations of pHrodo labelled Aβ 

8.13.5.1 pHrodo measures acidification 

While pHrodo labelling of Aβ provides a convenient readout of Aβ uptake by microglia, it does 

not directly measure uptake but rather the acidification of the environment surrounding 

pHrodo-labelled Aβ. Consequently, increases in pHrodo signal may reflect enhanced 

lysosomal acidification, more rapid trafficking of Aβ to acidic compartments, or increased 

uptake. Hence, treatments which alter lysosomal pH or metabolic state may also result in 

changes to pHrodo signal independent of the uptake of pHrodo-Aβ. In addition, impaired 

degradation of Aβ leading to accumulation within lysosomes can also increase pHrodo signal. 

Furthermore, pHrodo labelling does not provide information on the pathway of Aβ 

internalisation and does not capture early stages of uptake prior to acidification. To address 

these limitations, future work could employ pH-insensitive fluorescent labelling of Aβ in 

combination with co-localisation studies using endosomal and lysosomal markers to 

distinguish uptake from intracellular processing.  

8.13.5.2 pHrodo labelling may alter receptor-ligand interactions 

pHrodo-SE labels proteins via covalent reaction with free amine groups. Since pHrodo-SE has 

a molecular weight of 650 g/mol and Aβ1-42 monomers are 4514 g/mol, a single pHrodo 

molecule represents over 14% of the mass of an Aβ monomer. Labelling monomers prior to 

oligomerisation therefore has the potential to interfere with aggregation, possibly altering the 
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kinetics or leading to off-pathway oligomer species. In addition, oligomerisation involves the 

formation of secondary structures, while pHrodo-SE labelling occurs through covalent 

modification of free amino groups. In monomeric Aβ₁₋₄₂, these amino groups are accessible; 

however, following oligomerisation, some labelled residues may become buried within the 

oligomeric structure. This could introduce variability in fluorescence signal independent of 

acidification. To minimise these effects, Aβ was labelled after oligomer formation, thereby 

reducing potential interference with aggregation and improving consistency in both oligomer 

structure and labelling efficiency. 

However, pHrodo labelling of AβO may still result in changes to interactions between Aβ and 

its receptors due to alterations to the amine residues. Such changes may affect receptor-

mediated uptake pathways and can alter how Aβ is internalised by microglia. 

8.13.6 Sex-dependent effects 

8.13.6.1 Sex-dependent effects in cell cultures 

Both the neurosphere and primary glial cultures were derived from a mixture of male and 

female neonates, without stratification or tracking of sex. Previous work has shown that 

primary microglia isolated from adult male mice exhibit a more reactive phenotype than those 

from females (Villa et al., 2018). Similarly, while astrocytes from both sexes upregulate 

inflammatory markers such as IL6, IP10, TNFα and IL1β in response to LPS, male-derived 

astrocytes show a stronger transcriptional response (Santos-Galindo et al., 2011). 

As the cultures used in this study contained glia from both sexes, variation in the male-to-

female ratio across replicates may have introduced additional variability, particularly if 

responses to Galectin-3 are sex-dependent. Moreover, if male and female glia differ in the 

magnitude or direction of their responses, mixed-sex cultures may obscure or attenuate 

treatment effects, leading to underestimation or masking of biologically relevant differences. 

Hence, separation of the neonates into males and females before glia isolation will allow 

assessment of any sex-specific responses and determine whether the effects of Galectin-3 on 

glial function are sex-dependent. 
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8.13.6.2 in vivo experiments 

In the neurogenesis experiments, both male and female mice were used; however, the sample 

size was insufficient to allow stratified analysis by sex. To minimise confounding factors, all 

female mice used were virgins, as pregnancy is known to alter hippocampal neurogenesis in 

rodents (Pawluski & Galea, 2007). However, while the oestrus cycle and estrogen have been 

shown to affect hippocampal neurogenesis (Tanapat et al., 1999), the oestrus cycles of female 

mice were not monitored in this study. As a result, variability in neurogenesis arising from 

hormonal cycling may have contributed to the observed data. Consequently, potential effects 

of Galectin-3 knockout on hippocampal neurogenesis may have been obscured or attenuated 

by uncontrolled differences in oestrus stage among female mice. 

Male microglia have differing transcriptomic signature from female microglia in vivo (Villa et 

al., 2018). These could contribute to the sex differences in pro-inflammatory cytokine levels 

observed with inflammatory challenges (Erickson et al., 2018). In the experiments examining 

the effect of Galectin-3 knockout on LPS-induced MMP9 levels, stratification of the animals by 

sex revealed interactions between sex and the effect of Galectin-3 knockout. In females, a 

lower response to LPS was observed in WT mice, with LPS inducing more MMP9 in Galectin-

3 knockout mice. However, this effect was the opposite in males. However, as with the 

neurogenesis experiments, the oestrus cycle of female mice was not monitored. Given that 

fluctuations in circulating hormones can influence inflammatory responses, variability in 

oestrus stage may have contributed to the observed differences and confounded interpretation. 

Consequently, while the data suggest sex-dependent regulation of MMP9 by Galectin-3, the 

lack of control for hormonal state limits the extent to which these effects can be clearly 

attributed to sex alone. 
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8.13.6.3 Conclusions 

The experiments here lack robust sex-stratified analyses and hence may have missed any 

sex-dependent effects. Furthermore, due to the lack of oestrus monitoring, the sex differences 

observed in the LPS-induced models may have been confounded by oestrus stage. Future 

work should continue to include female mice, but larger sample sizes along with monitoring of 

oestrus cycles will allow better identification of any sex-dependent effects of Galectin-3 on 

neurogenesis and neuroinflammation. 
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Origin Target   Application Dilution Company 

Catalogue 

number 

Rat Galectin-3 (M3/38) Monoclonal IHC/ICC 1 in 100 Santa Cruz sc23938 

Mouse 

Beta-Amyloid 

(W0-2) Monoclonal IHC 1 in 300 

Sigma-

Aldrich MABN10 

Goat Iba1 Polyclonal IHC/ICC 1 in 300 Abcam ab5076 

Mouse Mash1 Monoclonal IHC 1 in 100 Invitrogen 

14-5794-

82 

Rabbit Doublecortin Polyclonal IHC/ICC 1 in 400 

Cell 

Signaling 

Technology 4604S 

Mouse Beta-III-Tubulin Monoclonal ICC 1 in 500 Abcam ab78078 

Rabbit GFAP Polyclonal IHC/ICC 1 in 100 

Sigma-

Aldrich G9269 

Rat GFAP (2.2B10) Monoclonal ICC 1 in 100 

Sigma-

Aldrich 13-0300 

 

Supplemental Table 2.4: List of antibodies used for immunofluorescence and their 

concentrations 
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Origin Target   Application Dilution Company 

Catalogue 

number 

Rabbit Mmp9 (RM1020) Multiclonal WB 1 in 400 Abcam ab283575 

Mouse Beta-Actin Monoclonal WB 1 in 20 000 Proteintech 66009-1-IG 

Mouse 

Beta-Amyloid 

(W0-2) Monoclonal WB 1 in 300 Sigm-Aldrich MABN10 

Rat Galectin-3 (M3/38) Monoclonal WB 1 in 200 Santa Cruz sc23938 

 

Supplemental Table 2.7: List of antibodies used for western blot and their concentrations 
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Gene   Sequence Concentration Efficiency (%) 

Lst1 F CGGTTCAGTCAGAGAGTGAAGA 0.1 μM 92.8 

Lst1 R GATGCATAGTGGGGCTCCTG 0.1 μM 92.8 

Il17ra F AGTTCCCAAGCCAGTTGCAG 0.5 μM 92.5 

Il17ra R GTGATCAGGAACTGGGCGAA 0.5 μM 92.5 

Clec4a3 F GAATGCATTTTCTGTCCGCGA 0.1 μM 95.7 

Clec4a3 R TTCTTCCTTTGGGGAGCTGGC 0.1 μM 95.7 

Cst7 F TGCCTTGAAGCGGACTCTAT 0.1 μM 105.8 

Cst7 R AGTGGGGAAAACACGAGTGG 0.1 μM 105.8 

Lpl F TCGTCATCGAGAGGATCCGA 0.1 μM 100.5 

Lpl R TGTTTGTCCAGTGTCAGCCA 0.1 μM 100.5 

Lgals3 F TAATCAGGTGAGCGGCACAG 0.5 μM 96.8 

Lgals3 R GCTAAGGCATCGTTAAGCGAAA 0.5 μM 96.8 

P2ry12 F TACCCTACAGAAACACTCAAGGC 0.1 μM 83.3 

P2ry12 R CCCAGGGGAGAAGGTGGTAT 0.1 μM 83.3 

Cxcl10 F CCACGTGTTGAGATCATTGCC 0.1 μM 83.8 

Cxcl10 R GAGGCTCTCTGCTGTCCATC 0.1 μM 83.8 

Ccl5 F GTGCCCACGTCAAGGAGTAT 0.1 μM 93 

Ccl5 R TCGAGTGACAAACACGACTG 0.1 μM 93 

Il6 F CGGCCTTCCCTACTTCACAA 0.1 μM 88.6 

Il6 R TTGCCATTGCACAACTCTTTTC 0.1 μM 88.6 

Tnfa F CCCACGTCGTAGCAAACCA 0.1 μM 101.4 

Tnfa R ACAAGGTACAACCCATCGGC 0.1 μM 101.4 

HexB F AACTCAAGTGTTTGGGCCTGT 0.1 μM 100.9 

HexB R GTTTGGATTTGATGCCCAACAT 0.1 μM 100.9 

Tyrobp F CTGATTGCCCTGGCTGTGTA 0.1 μM 85.5 
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Tyrobp R TGTTGTTTCCGGGTCCCTTC 0.1 μM 85.5 

Cd33 F TTCTTGGGCTCTGTCTCGTG 0.1 μM 92.7 

Cd33 R GTGATCGCTTCCTGCCTCTTG 0.1 μM 92.7 

Rab7b F ACCAAAACCGTTTGCGTTCT 0.1 μM 98.8 

Rab7b R GGTCTTTCCCACGCCAAGT 0.1 μM 98.8 

Ccl3 F GCAACCAAGTCTTCTCAGCG 0.5 μM 86.6 

Ccl3 R TCTCTTAGTCAGGAAAATGACACC 0.5 μM 86.6 

Ccl4 F CTGTGCAAACCTAACCCCGA 0.5 μM 112.3 

Ccl4 R AGGGTCAGAGCCCATTGGT 0.5 μM 112.3 

CtsB F ATTCACACCAATGGCCGAGT 0.5 μM 100.5 

CtsB R TAGCCACCATTACAGCCGTC 0.5 μM 100.5 

CtsD F GCAGTGCCTCTTATCCAGGG 0.1 μM 112.3 

CtsD R CACCCTGCGATACCTTGAGTA 0.1 μM 112.3 

CtsZ F CTGGGGCGCAGGACTTATC 0.1 μM 101.3 

CtsZ R GTACGGACAGCAGGATGGAG 0.1 μM 101.3 

Hprt F CAGTCCCAGCGTCGTGATTA 0.1 μM 109.5 

Hprt R TGGCCTCCCATCTCCTTCAT 0.1 μM 109.5 

ActB F CACTGTCGAGTCGCGTCC 0.1 μM 91.1 

ActB R TCATCCATGGCGAACTGGTG 0.1 μM 91.1 

Supplemental Table 2.8: Sequences of primers used 
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Galectin-3 expressing (Gal-3+) v.s. non-expressing (Gal-3-) cells in 3M C57Bl6 mice 
 Sholl Decay 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 0.060 0.020 0.056 0.009 0.956 2.357 0.781 -0.043 0.026 0.213   
Combined 0.059 0.016 0.057 0.009 0.819519 5.147806 0.518309 -0.01894 0.009724 0.224378   
 Ramification Index 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 1.910 0.708 2.327 0.601 1.713028 3.825358 1.398681 -0.30624 1.247949 0.082562   
Combined 1.781 0.593 2.126 0.602 1.307 7.413 0.826 -0.243 0.859 0.115   
 Sum intersections 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 101.75 41.28201 110.5385 30.23689 1.091 2.063 0.891157 -55.178 94.189 0.193   
Combined 109.5714 41.93635 115.56 31.8827 0.351467 5.725516 0.222288 -33.1933 44.17778 0.368904   
 End Radius 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 35.88 10.56727 36.62308 7.385802 0.733484 2.905066 0.598888 -12.2321 19.3851 0.258985   
Combined 37.55571 10.37658 36.5976 8.27396 0.041 7.478 0.025911 -8.268 7.983 0.484   
 Soma Size 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 57.26417 36.73525 42.08193 12.25715 0.392775 2.587599 0.3207 -49.4773 37.21346 0.36228   
Combined 46.32767 21.07337 50.39908 7.36175 0.620 5.298 0.392398 -27.417 16.610 0.280344   

 

Supplementary Table 4.2.1: Statistical analysis of Gal-3+ v.s. Gal-3- microglia in young adult WT mice 
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Galectin-3 expressing (Gal-3+) v.s. non-expressing (Gal-3-) cells in 7M C57Bl6 mice 
 Sholl Decay 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 0.057616 0.00957 0.057698 0.00701 0.323514 4.600706 0.228759 -0.00852 0.006657 0.380244   
 Ramification Index 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 1.660311 0.498352 2.06875 0.88677 0.204512 5.998361 0.144612 -0.70303 0.831257 0.422358 0.442857 
 Sum intersections 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 102.0909 27.68557 93.25 26.08422 1.046789 5.987446 0.740192 -54.0039 21.65395 0.167802   
 End Radius 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 36.69545 10.01721 34.5 6.968658 0.229698 4.465474 0.162421 -7.40984 8.807095 0.414235   
 Soma Size 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 66.74064 23.64635 48.697 9.458294 0.77319 4.259215 0.546728 -39.0695 21.72965 0.240044  

 

Supplementary Table 4.2.2: Statistical analysis of Gal-3+ v.s. Gal-3- microglia in middle-aged WT mice 
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3M v.s. 7M Galectin-3+/+ mice 
 Sholl Decay 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 0.058158 0.014721 0.057659 0.008136 0.233443 3.076596 0.193519 -0.00965 0.011199 0.415046   
 Ramification Index 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 2.126768 0.675216 1.87341 0.741342 1.592015 3.607511 1.276779 -0.20443 0.702163 0.097116  
 Sum intersections 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 106.32 35.47267 97.47826 26.62683 1.059882 4.942967 0.752628 -17.8101 42.65354 0.169109   
 End Radius 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 36.2664 8.865627 35.55 8.435026 0.66614 2.618951 0.571324 -2.85855 4.221122 0.279627   
 Soma Size 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 49.08912 27.04569 57.71882 19.85272 0.602873 3.093364 0.499204 -45.6718 30.91466 0.293967  

 

Supplementary Table 4.3: Statistical analysis of microglia between young adult and middle-aged WT mice  
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 Galectin-3 WT (Galectin-3+/+) v.s. KO (Galectin-3-/-) microglia in 3M mice 
 Sholl Decay 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 0.058158 0.014721 0.04723 0.010416 2.513 3.863 2.052 -0.001 0.025 0.034   
Combined 0.058 0.013 0.052 0.012 2.125615 8.587469 1.235381 -0.0005 0.014389 0.031957   
 Ramification Index 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 2.126768 0.675216 2.054167 0.353076 0.112043 3.345565 0.091483 -0.77425 0.718573 0.45859   
Combined 1.968237 0.615983 1.959369 0.653115 0.253 8.811 0.148 -0.410 0.328 0.403   
 Sum intersections 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 106.32 35.47267 102.875 13.97383 0.080 3.885 0.065438 -29.306 31.027 0.470   
Combined 112.8261 36.50833 100.2222 23.21905 1.368029 8.478482 0.832159 -6.68275 26.65436 0.10323   
 End Radius 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 36.2664 8.865627 42.9525 8.694704 1.899633 2.327887 1.551044 -19.5592 6.454808 0.089826   
Combined 37.035 9.197762 38.87 8.536469 1.165 7.490 0.663066 -8.919 2.979 0.140   
 Soma Size 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 49.08912 27.04569 54.50456 10.27626 0.713811 2.25898 0.582824 -51.2037 35.23151 0.270947   
Combined 46.32767 13.28367 50.39908 11.95342 0.530 8.224 0.324104 -13.573 21.716 0.305199   

 

Supplementary Table 4.4.1: Statistical analysis of microglia from Galectin-3+/+ and Galectin-3-/- mice in young adult mice  
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Galectin-3 WT (Galectin-3+/+) v.s. KO (Galectin-3-/-) microglia in 7M mice 
 Sholl Decay 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 0.057659 0.008136 0.051165 0.007932 3.009982 4.643725 2.270689 0.000852 0.01268 0.01634 0.028571 
 Ramification Index 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat df Cohen d lower upper t-test p-exact 
Males 1.87341 0.741342 2.32477 1.267896 0.910732 2.215319 0.811057 -1.82489 1.137614 0.225212   
 Sum intersections 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 97.47826 26.62683 99.47368 21.48738 0.599073 4.910764 0.423688 -36.9357 23.03572 0.287843   
 End Radius 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 35.55 8.435026 40.85526 8.275459 2.947446 2.211977 2.625795 -11.4681 1.639401 0.043646   
 Soma Size 
 Gal-3+ Gal-3-      p-value 
  Average Stdev Average Stdev t-stat Df Cohen d lower upper t-test p-exact 
Males 59.57218 0.578697 46.72613 3.786048 5.809377 2.093401 4.743336 3.7272 21.96492 0.012756 0.05 

 

Supplementary Table 4.4.2: Statistical analysis of microglia from Galectin-3+/+ and Galectin-3-/- mice in middle-aged mice
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Supplemental Figure 4.5: Further genes in qPCR analysis between Galectin-3+/+ and Galectin-

3-/- primary murine microglia. 
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Supplemental figure 4.6: Further genes in qPCR analysis between BV2 microglia treated with 

Galectin-3 or TD-139 
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 Saline LPS      
Galectin-3 
WT 0.01577 

0.23582
7      

Galectin-3 
WT 0.02809 

0.82960
7  COUNT 

balance
d   

Galectin-3 
WT 

0.13583
5 

1.22498
7   Saline LPS  

Galectin-3 
KO 

0.02191
1 

0.05707
5  

Galectin-3 
WT 3 3 6 

Galectin-3 
KO 0.04122 

0.85061
3  

Galectin-3 
KO 3 3 6 

Galectin-3 
KO 0.06158 

0.56340
6   6 6 12 

        

    MEAN    

     Saline LPS  

    

Galectin-3 
WT 

0.05989
9 

0.76347
4 

0.41168
6 

    

Galectin-3 
KO 0.04157 

0.49036
4 

0.26596
7 

     

0.05073
4 

0.62691
9 

0.33882
7 

        

    

VARIANC
E    

     Saline LPS  

    

Galectin-3 
WT 

0.00436
3 0.24789 

0.24940
7 

    

Galectin-3 
KO 

0.00039
3 

0.16142
7 

0.12515
3 

     

0.00200
3 

0.18610
3 

0.17604
5 

 

 

Two Factor Anova      

       
ANOVA    Alpha 0.05  

  SS df MS F p-value p eta-sq 
Rows 0.063702 1 0.063702 0.615371 0.455371 0.071427 
Columns 0.995967 1 0.995967 9.621175 0.014626 0.546001 
Inter 0.048685 1 0.048685 0.470303 0.512228 0.055524 
Within 0.828146 8 0.103518    
Total 1.9365 11 0.176045       

 

 

Supplementary Table 6.3.1: Two-way ANOVA of Galectin-3+/+ and Galectin-3-/- male mice 

treated with saline or LPS. 
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 CT LPS      
Galectin-3 
WT 

0.09190
1 

0.18814
2      

Galectin-3 
WT 

0.03949
1 

0.08348
3  COUNT 

balance
d   

Galectin-3 
WT 

0.00204
4 

0.04336
2   CT LPS  

Galectin-3 
KO 

0.04702
6 

1.00186
1  

Galectin-3 
WT 3 3 6 

Galectin-3 
KO 

0.01459
9 

0.73798
6  

Galectin-3 
KO 3 3 6 

Galectin-3 
KO 

0.00593
8 

0.20550
1   6 6 12 

 
     

  

 
   MEAN  

  

 
    CT LPS  

 
   

Galectin-3 
WT 

0.04447
9 

0.10499
6 

0.07473
7 

 
   

Galectin-3 
KO 

0.02252
1 

0.64844
9 

0.33548
5 

     0.0335 
0.37672

3 
0.20511

1 

      
  

    

VARIANC
E  

  

     CT LPS  

    

Galectin-3 
WT 

0.00203
7 

0.00558
7 

0.00414
9 

    

Galectin-3 
KO 

0.00046
9 0.16456 

0.18354
7 

     

0.00114
7 

0.15666
2 

0.10385
9 

 

Two Factor Anova      

       
ANOVA    Alpha 0.05  

  SS df MS F p-value p eta-sq 
Rows 0.203969 1 0.203969 4.725505 0.061451 0.371341 
Columns 0.353405 1 0.353405 8.187617 0.021106 0.505795 
Inter 0.239768 1 0.239768 5.554882 0.046183 0.409807 
Within 0.345307 8 0.043163  

  
Total 1.142449 11 0.103859       

 

 

 Supplementary Table 6.3.2: Two-way ANOVA of Galectin-3+/+ and Galectin-3-/- female mice 

treated with saline or LPS. 


