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Abstract 
Alzheimer’s disease (AD) is a devastating neurological disease associated with 
progressive loss of mental skills, cognitive and physical functions. Here, our goal was to 
uncover novel and known molecular targets in the structured layers of the hippocampus 
and olfactory bulbs that may contribute to hippocampal synaptic dysfunction and 
smelling defects in AD mice. Spatial Transcriptomics was used to identify high 
confidence genes that were differentially regulated in AD mice relative to controls. A 
discussion of how these genes may contribute to AD pathology is provided. 

1. Introduction .  
Mouse models have been widely used to investigate the gene expression changes in 
AD. The triple transgenic, 3xTg AD (AD), model used here expresses three human 
genes APPK670N,M671L, PS1, and MAPT P301L. Increased DNA damage occurs early in the 
course of AD disease pathology and to test the importance of DNA repair we created a 
modified version of the AD strain by adding a deficiency in DNA polymerase beta (Polb) 
(Sykora, 2015). We had seen a loss of this protein and its activity in human AD patient 
samples (Weissman, 2007) but not in the AD mouse model (Weissman, 2009). Our 
strain, 3xTg AD/Polb +/- (AD/P), develops more severe AD pathology in phenotypes like 
memory and learning, long-term potentiation, olfactory function, mitochondrial changes, 
and markers for DNA damage and cell death (Sykora, 2015; Misiak, 2017).  

Given the abundance of failed clinical trials for AD, we clearly do not understand the 
underlying molecular pathology of this devastating disorder. Two symptoms seen in AD 
patients and in AD mouse models are loss of memory and olfactory function (Murphy, 



2019). The hippocampus and olfactory bulb (OFB) play central roles in these processes 
and these anatomical regions are each composed of specialized layers of cells.  

Spatial Transcriptomics (ST) is an innovative technique which combines high-resolution 
imaging with unbiased spatially-defined RNA sequencing (Ståhl, 2016). The application 
of ST to complex diseases like AD enables the identification of novel and known gene 
signatures in defined cell layers. Here, we employed ST to elucidate gene expression 
profile changes in AD mice with defects in long-term potentiation and olfactory function.  

2. Results 
We analyzed the hippocampus and OFB from adult male C57BL/6J, PolB+/- (PolB), AD 
and AD/P mice (13-16 months) using Spatial Transcriptomics (ST) (Fig 1). These 
models are considered late-onset AD models. We had previously measured long-term 
potentiation, memory and learning, and olfactory function on female AD mice at older 
ages and they showed deficiencies relative to control mice (Sykora, Hou). In 
accordance with these observations, we also find severely impaired hippocampal 
long-term potentiation (LTP) in the younger male AD mice used here (Fig 2A). LTP 
specifically measures the ability of CA3 neurons to communicate with CA1 neurons with 
modulation provided by the dentate gyrus (DG). Since olfactory defects are often an 
early sign of neurodegeneration, we also measured olfactory function using a buried 
food test. Our younger male AD mice showed impaired abilities to sniff out the food 
pellet (Fig 2B). Notably, PolB have a mild defect in LTP but performed normally in the 
buried food pellet test. Thus here, we wanted to employ ST to identify genes within the 
hippocampal and olfactory regions that might contribute to these behavioral changes in 
our AD mice. 

We generated ST libraries from sections of the hippocampus and OFB in AD and 
control mice. This resulted in a total of 15062 spots and 22701 unique genes for the 
hippocampus dataset with an average of 12232 reads and 4516 genes per spot (Fig 
1B). Similarly, we obtained 5059 spots and 20471 unique genes for the OFB dataset 
with an average of 13247 reads and 4812 genes per spot (Fig 1C). Unsupervised 
clustering of the spots in the hippocampus dataset using a factor analysis approach 
(Maaskola, 2019) that is designed to account for batch effects and other sources of 
technical variations, resulted in 14 well defined clusters that corresponded to the 
anatomical regions (Sup. Fig 1). We selected the clusters corresponding to CA1, CA2-3 
and dentate gyrus (DG) regions for analysis. Similarly, the clustering analysis of the 
OFB dataset resulted in 5 well defined clusters that clearly mapped the layers of the 
olfactory bulb (Sup. Fig 2). We selected the clusters corresponding to the granular cell 
layer (GCL), mitral cell layer (MCL), the external plexiform layer (EPL) and glomerular 
layer (GL) regions for analysis. 

We performed a combined differential expression analysis (DEA) in both datasets. A 
genotype-based analysis that aimed to detect genes that are differentially expressed 
between AD and control for each individual cluster. A region-based analysis that aimed 
to detect genes that are differentially expressed (DE) between the clusters for each 



genotype. This resulted, after applying confidence thresholds, in 964 genes that are 
differently expressed by genotype in the hippocampus, 656 of which intersect with the 
genes present in the cluster-based analysis (Sup. Fig 3A). Similarly, we obtained 993 
genes that are differently expressed by genotype in the olfactory bulb, 643 of which 
intersect with the genes present in the cluster-based analysis (Sup. Fig 3B). 

Furthermore, we performed a visual analysis of the highly confident differentially 
expressed genes using hierarchically clustered heatmaps (normalized expression and 
log2-fold-change) and individual gene plots (normalized expression plotted onto the 
tissue sections). This enabled us to define a list of 60 and 74 genes of interest for the 
hippocampus and olfactory that showed clear differences in expression between 
genotypes, many of which showed clear spatial patterns (Fig 3A) and (Fig 4A). 

2.1 Behavior and global gene changes 
To get an overview of gene expression changes in the mice, we collected the 
differentially expressed genes in both datasets (hippocampus and OFB). The 
hippocampus and OFB are well separated with 124 genes overlapping (Fig 2C).  

There were three genes that were differentially regulated across both AD datasets, but 
absent from PolB's gene lists: Ubiquitin C (Ubc), Gm10073, and Glyoxalase I (Glo1) 
(Fig 2E). Ubc is a substrate used in polyubiquitin reactions which are integral to stress 
responses like DNA repair, innate immunity, and the unfolded protein response, that 
removes toxic protein aggregates. Gm10073 is a pseudogene. Glo1, the only 
universally upregulated gene, is important for detoxification of methylglyoxal, a toxic 
byproduct of high glucose in cells, via the glyoxalase system (Frandsen, 2018). The 
glyoxalase system uses glutathione as a co-factor and makes lactate from the 
methylglyoxal.  Methylglyoxal is a major contributor towards advanced glycation end 
products and its neutralization by Glo1 and Glo2 enzymes, that help prevent proteins, 
lipids and nucleic acids from being derivatized by methylglyoxal. To validate the 
increased gene expression of Glo1, we ran western blots of Glo1 and Glo2 to evaluate 
the whole pathway. Glo1 showed significant increased expression while Glo2 was 
exactly the opposite, so the glyoxalase system is severely deregulated in our AD mice 
(Sup. Fig 4).  

2.2 Hippocampus 

To identify gene changes unique to AD, we compiled a list of genes that were 
significantly changed in both AD strains, but not deregulated in PolB’s gene lists 
because those mice do not display the dramatic LPT defects like the AD mice (Fig 2A). 
In addition to the genes above, several genes were differentially expressed across all 
hippocampal regions. Protein kinase muscle (Pkm), cytochrome oxidase 6c (Cox6c), 
ribosomal protein S2 (Rps2), and a protein trafficking and autophagy-regulating protein, 
transmembrane 59 like (Tmem59l) were down regulated. There were three additional up 
regulated genes gamma-aminobutyric acid receptor subunit alpha-2 (Gabra2), 
Lipoprotein lipase (Lpl) and WW domain binding protein 11 (Wbp11). Gabra2 encodes a 
subunit of the chloride channel and receptor for the major neuro-inhibitory transmitter 
GABA. There are 16 GABRA subunits which form into pentameric channels. 



Overexpression of Gabra2 modulates postsynaptic currents by its increased GABA 
affinity which causes slower current deactivation (Dixon, 201). Lpl is a triglyceride 
hydrolase that facilitates lipid uptake including specifically Aβ uptake in concert with 
ApoE. Wbp11 encodes a splicing factor (Llorian, 2004).  

We were also interested in defining the significantly changed genes in the hippocampus 
that were differentially expressed in one or the other AD mice, but not found in PolB (Fig 
3B). From this analysis, the Poly(A) binding protein interacting protein 1, Paip1, was the 
only consistently down regulated gene in AD/P mice but not found in AD mice. The 
protein encoded by this gene participates in translation initiation. Combined this short 
gene list impinges upon many of the common factors that are thought to contribute to 
AD pathology. 

Since we were interested in defining the most significantly changed genes that were 
spatially resolved between genotypes and anatomical areas, we asked if any of the core 
hippocampal AD deregulated genes showed spatially restricted expression. Two genes 
stood out by this analysis Lpl, described above, and WW domain binding protein 11, 
Wbp11, the splicing factor. An image of their gene expression pattern in the tissue is 
shown in (Fig 3C). Lpl was strikingly up regulated within the CA1 and CA2-3 regions. 
Wbp11’s expression was significantly up regulated throughout the brain hemisphere 
with heightened expression throughout the hippocampus. The other genes in the list 
that showed global gene expression changes throughout the brain and the expression 
patterns of Gabra2, Pkm, and Paip1 represent examples of the patterns we saw (Fig 
2D). 

To further identify the spatially deregulated genes, the differentially expressed gene list 
was screened for genes that were differentially expressed in the AD genotypes but not 
in the Polb mice, because Polb mice do not have extensive memory and learning 
problems like the AD mice (Misiak, Hou). The small GTPase protein with similarity to 
Ras, Ras like family 11 member A (Rasl11a) was identified and showed decreased 
expression exclusively in AD. Additionally, we found that the BCL2 family apoptosis 
regulator (Bok), Grainyhead-like transcription factor 1 (Grhl1), complement component 1 
q-subcomponent-like 2 (C1ql2), the proto-oncogene and AP-1 transcription factor 
subunit Jun, and the Thy1 genes were deregulated. Bok showed very clear spatial 
expression in CA2-3 but not CA1 or DG and was down regulated in the AD strains. Bok 
is a mitochondrial protein whose role in regulating mitochondrial apoptosis is 
controversial. In a recent paper (Schulman, 2019), Bok deletion in mouse embryonic 
fibroblasts showed altered morphology (fragmented) and increased membrane potential 
and reserve capacity, but deletion of Bok did not alter the cell’s responsiveness to 
apoptotic stimuli. Decreased expression Bok in CA2-3 may render this region’s 
mitochondria more fragmented and more susceptible to mitophagy, as smaller 
mitochondria can be engulfed more easily.  Grhl1 is a transcription factor important for 
epidermal barrier function and cancer development (Mlacki, 2014) and single nucleotide 
variant in Grhl1 was recently identified as a potential longevity gene. It was expressed in 
the CA1 and DG regions and was specifically down regulated in the AD mice. The other 
down regulated gene specifically in the DG was C1ql2, a synaptic organizer protein 



(Yuzaki, 2017). It is known to be important for postsynaptic kainate-type glutamate 
receptor regulation by mossy fibers in the hippocampus (Matsuda, 2016). Jun was 
upregulated in the DG of AD mice and is an important transcription factor in the cellular 
response to stress and injury in the CNS. It dimerizes with Fos and/or ATF family 
proteins to affect transcription. Thy1 was also upregulated in the AD mice CA1 regions, 
but it also showed upregulation throughout the brain as well. Thy1 is a highly abundant 
cell surface marker widely expressed on immune cells and neurons (Morris, 1992). 

2.3 Olfactory Bulb (OFB) 
Olfactory function is emerging as an important early marker for neurodegeneration. AD 
mice suffer from a variety of olfactory deficits and it is progressive. Previously, it has 
been reported that AD mice display smelling defects (Coronas-Samano, 2014; 
Marchese, 2014; Roddick, 2016; Misiak, 2017). Since we are using much younger mice 
here, we tested 13-16 months old male mice in the buried food test, which measures 
the ability of the mice to find a buried food pellet within ten minutes (Fig 2B). The mice 
were starved overnight then subjected to the test. Of note, the AD mice are heavier than 
the WT and Polb mice (Fig 2B). The AD mice showed a significant defect in finding the 
food pellet with most of the mice falling entirely. Half of the AD/P mice failed to find the 
food pellet. WT and PolB mice do not display a smelling defect which is consistent with 
our prior publication (Misiak, 2017).  

We compiled a list of differentially expressed genes, 13 genes, always found in both AD 
strains and defined these genes as our “core AD signature gene set”, for the OFB (Fig 
4B). Most of the down regulated genes were shared with the hippocampus, with the 
exception of platelet-activating factor acetylhydrolase Pla2g7. It is involved in the 
breakdown of oxidized phospholipids and is known to suppress mitochondrial apoptosis. 

Notably, Gabra5, a subunit of the GABA A receptor, was significantly up regulated. It 
has also been reported to be significantly upregulated across human AD brain samples 
as well. There are also indications of stress in the OFBs at this age because we see up 
regulation of Glo1, discussed above, oxidant-stress response kinase (Stk25), cathepsin 
S (Ctss), and Fam32a. Stk25 is a kinase and Golgi protein that regulates Golgi 
morphology and cell death, in part by its translocation from the Golgi to the nucleus in 
response to stress. It plays roles in lipid metabolism, glycolysis, and glucose and insulin 
homeostasis. Ctss is a cysteine protease thought to contribute to autophagy, which is 
self-degradation of proteins and organelles for self-protection. Autophagy is a general 
response to starvation, growth factor deprivation, and ER stress. Fam32a is a splicing 
factor that may also participate in cell cycle arrest and apoptosis. We actually found two 
splicing factors, Fam32a and Srp54b. A recent proteomic study using AD patient brains 
deduced that many AD proteins are subjected to RNA splicing and that the alternatively 
spliced proteins correlate with AD pathology and cognition. Thus, in this list many of the 
down regulated genes likely contribute directly to pathology while several of the up 
regulated genes seem like their expression changes reflect attempts to compensate for 
stress in the cell.  



Among this list of core AD genes for the OFB, several of them displayed 
spatially-restricted differential gene expression (Fig 4D). Pla2g7 was differentially 
expressed in the GL layer. Gabra5 and Ssbp4 were upregulated everywhere but more 
so in the MCL and GCL layers. Ctss was up regulated overall but more prominently in 
the GCL core. The remainder of the genes on the list were globally regulated across all 
layers of the OFB and examples of the patterns we saw are exemplified by Cox6C and 
Fam32a (Fig 4C). 

To further interrogate the differences between AD and ADP, we collected all the genes 
differentially expressed across the OFB layers in either AD genotype that were not 
differentially expressed in Polb because Polb mice do not display smelling defects (Fig 
4B). We found increased expression of oxidation resistance, Oxr1, we also found 
induced expression of neuron navigator 1, Nav1, in GL and EPL, and Gjb6 and Rida, in 
the GL. Mice lacking Oxr1 display neurodegeneration and in yeast and human cells, 
Oxr1 is localized to mitochondria where it protects mitochondria from oxidative stress. 
Nav1 associates with the growth cones and branch points of microtubes and is thought 
to be involved with axon guidance and synaptic maturation, in part due to its homology 
with Unc-53 from C. elegans. Overexpression of mouse Nav1 in cultured neurons leads 
to rearrangement of microtubules into bundles. Tau, the most famous 
microtubule-associated protein in AD, is also known to induce microtubule bundles. Gap 
junction protein beta 6, Gjb6, plays a role in gap junction trafficking which includes the 
passage of small molecules like glucose, calcium, and other secondary messengers. In 
cultured glioma cells, Gjb6 protected cells from radiation-induced DNA damage thought 
heat shock protein-90’s translocation into mitochondria which supports ATP production, 
DNA repair, and cell survival. Apolipoprotein L domain containing, Apold1, was 
downregulated with Pla2g7, discussed above, in the GL. The protein encoded by this 
gene plays a role in endothelial cell signaling and vascular function and may affect the 
blood-brain permeability. 

In the EPL, we found Oxr1, natriuretic peptide receptor 1, Npr1, and leucine rich repeat 
neuronal 1, Lrrn1, overexpression. Npr1 is guanylyl cyclase receptor for atrial and brain 
natriuretic peptide that plays a role is the vasculature. 

In the MCL and GCL, Cdkn1a (aka p21) was down regulated in the OFB samples of AD 
mice, relative to WT and PolB. It is a major cell cycle regulator, at the G1/S checkpoint, 
and one of the most widely recognized and upregulated genes during senescence. 
Variants of Cdkn1a are associated with increased risk of cancer, Parkinson’s disease 
with dementia, and AD with earlier onset and more severe phenotypes. Additionally, 
these disease-associated Cdkn1a variants were shown to have reduced cell cycle 
inhibitory and antiapoptotic activity. In the olfactory bulb, loss of Cdkn1a may alter 
cellular proliferation or the ability of cells to respond appropriately to stressors. 

There were several immediate early genes that were differentially regulated in the 
dataset: Fosb, Fos, Junb, Egr4, Nr4a1, and Nr4a3. These intermediate early genes 
regulate transcription, synaptic plasticity, and intracellular signaling. Notably, Fosb and 
Nr4a3 showed clear expression in the MCL and GCL of WT and Polb’s OFBs whereas 
they were significantly down regulated in the AD samples. Increased expression of Fosb 



has been associated with neuronal injury and cell death. Nr4a3, a transcriptional 
activator, was dramatically down regulated in the AD samples. It is thought to contribute 
to Parkinson’s disease pathology. Nr4a3 functions in many pathways including neuronal 
differentiation, apoptosis, metabolism and cell cycle progression. Notably, this gene is 
important for cellular respiration and mitochondrial adaptation to stress. All the other 
immediate early genes were expressed in WT MCL and GCL but down regulated in 
PolB plus the AD samples. It is unlikely these genes contribute to the olfactory deficits in 
AD mice because PolB mice show no smelling defects.  

Three genes showed increased expression within the core of the OFBs Btbd9, Ctss, 
and Sgk1 in the AD mice. Additionally, Btbd9 along with Ctss showed increased 
expression in the GL region of the AD mice. Btbd9 is proposed to be an E3 ubiquitin 
ligase substrate adaptor protein for Cullin-3 and thereby regulate the expression of 
proteins. Target proteins for Btbd9 include tyrosine hydroxylase, the rate limiting 
enzyme in dopamine biosynthesis, and the iron regulatory protein 2 (IRP2), a protein 
whose expression is inversely correlated with ferritin translation. In another study, using 
Btbd9-knockout mice, it was reported that Btbd9-mediated degradation of Dynamin1, 
Dnm1, and was important for synaptic plasticity and memory. Likewise, Sgk1, 
serum/glucocorticoid-regulated kinase 1 (Sgk1), was also upregulated in the center of 
the AD mice OFBs and this protein inhibits autophagy. It may also participate in 
excitotoxicity caused by overstimulation or deregulation of glutamate receptors that 
leads to neuronal cell death. While upregulation of Ctss may be indicative of the AD 
OFB’s attempting to cope with cellular stress, concurrent upregulation of Sgk1 may 
blunt the cell’s attempt to modulate autophagy. 

There were several genes found that were globally deregulated in OFB but not 
consistently across all regions. Pou6f1, is a POU-family transcription factor expressed 
widely throughout WT and Polb’s OFBs however it is dramatically down regulated 
throughout AD mouse OFBs. It has previously been reported that OFB interneurons 
secrete the neuropeptide corticotropin-releasing hormone (CRH) which promotes 
synaptic plasticity in the OFB. The receptor for CRH, CRHR1, activates 
CREB-dependent transcription. Pou6f1 has a CREB-binding site in its promoter and 
loss of Pou6f1 in CRHR1+ neurons caused reduced synaptic connectivity and dendritic 
complexity, while overexpression of Pou6f1 induced dendrite outgrowth, branching and 
synapse function. Additionally, Pou6f1 has been proposed to play a role in mouse 
neuronal stem cell differentiation. Our results suggest that diminished expression of 
Pou6f1 may substantially alter AD mice OFB synaptic functionality. 

We found an assortment of other genes with prior connections to AD pathology globally 
upregulated in our AD mice OFBs. The gene with the greatest risk factor for late-onset 
AD is ApoE4 and ApoE4 genotype correlates with poor smelling in AD patient.  Both 
ApoE and ApoD showed clear spatial expression in the GL of our OFBs, but were very 
modestly up regulation in our AD datasets.  

PolB was found expressed throughout the OFBs in WT and AD mice, with slight 
increased expression in the GCL. One gene in the dataset displayed PolB-dependent 



upregulation in a spatial manner, Homer1. It is a postsynaptic density scaffolding protein 
that regulates metabotropic glutamate receptor function and regulates calcium release. 

Since PolB mice do not have smelling defects, it is not likely that this protein contributes 
to the altered smelling in AD/P mice. 

One gene, that has no prior literature associating it with AD, smelling or hippocampal 
function caught our interest, Dnase I like protein 2, Dnase1l2. In the GCL and MCL 
regions, Dnase1l2 was down regulated. Dnase1l2 degrades both nuclear and 
mitochondrial DNA during keratinocyte differentiation. Recent evidence suggests that 
single-stranded DNA molecules can activate the cGAS-STING pathway which induces 
senescence and immune responses. Importantly, how DNA molecules are liberated 
from nuclear or mitochondrial DNA is largely unknown. Perhaps down regulation of 
genes like Dnase il2 is an attempt to minimize cytoplasmic DNA fragments and 
activation of the cGAS-STING pathway. 

4. Discussion 
There are sixteen, acid type A (GABAA,) receptor subunits that are expressed 
throughout the brain in temporospatial manner (Platel 2008). GABAA receptor activation 
leads to chloride flux across the cell membrane, alteration of cell membrane potential, 
and typically contributes to inhibitory neurotransmission. We have found two distinct 
GABAA receptors subunits deregulated in the AD datasets, Gabra2 and Gabra5. 
Gabra2 was upregulated in the hippocampus of AD mice whereas in the OFB, Gabra5 
was upregulated robustly in the GCL and MCL. GABAergic synapses modulate 
neuronal homeostasis, adult neurogenesis, and neuroblast migration. Both proteins 
regulate dendrite outgrowth and spine maturation. Adult neurogenesis begins in the 
subventricular zone where neuroblasts are born then migrate along the rostral migratory 
stream to populate the olfactory bulb. Once in the GCL, they differentiate into granule 
cells and periglomerular cells. Ablation of Gabra2 in neuroblasts caused defects in 
dendritic development and spine formation in GC cells and decreased integration of 
these cells into pre-existing networks. In the hippocampus, Gabra5 regulates dendrite 
outgrowth and spine maturation. Of note, Gabra5 is aberrantly upregulated in a 
subclass of medulloblastoma cells and when activated by QHii066, a specific a-GABAA 
receptor agonist, cells died by apoptosis. Thus, increased Gabra5 expression may 
render the GCL and MCL cell populations vulnerable to GABA-activation dependent cell 
death. To summarize, ST analyses have revealed genes central in areas highly cited as 
important in AD including lipid metabolism (Lpl, Pla2g7), cellular bioenergetics (Pkm, 
Cox6c), mitochondrial function and morphology (Bok), stress response genes (Oxr1, 
Stk25) and neurotransmitters (Gabra2 and Gabra5). 
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Figure 1. Summary of the datasets. 

A) A visual representation of the analysis. Mouse brains were dissected, sliced, mounted on 
slide and RNA extracted. RNA was captured onto polyT tailed-spatially barcoded primers 
and RNAseq was performed. Gene read counts were captured from the individual spots, 
grouped by genotype, then factor analysis was used to unbiasedly cluster the data. 
Differential expression was performed on the clustered groups, all genotypes relative to 
WT. 

B) Reads and genes per spot distributions for the hippocampus dataset (median +/- SD). 
C) Reads and genes per spot distributions for the OFB dataset (median +/- SD). 

 
Figure 2.  Functional tests and global analysis. 

A) Graphic representation of long-term potentiation results measured at the Schaffer 
collateral synapses. EPSP, excitatory postsynaptic potential. X slices from a minimum of 
Y mice and values represent the mean and SD. 

B) Graphic representation of the time to first sniff and buried food test. Mice n=8-13 per 
genotype. 

C) Venn diagram showing the numbers of statistically significant genes per region. 
D) Heatmap showing the log2-fold-change for the set of shared genes.  

Figure 3 . Hippocampus analysis. 

A) Heatmap of the 60 most interesting differentially expressed genes found in the 
hippocampus. Graphic colorized by normalized expression and separated by 
color-coded genotype and cluster region. 

B) Heatmap of log2-fold-change values of genes shown in 3A. 
C) Graphic representation of normalized gene expression of select genes overlaid onto 

brain sections. The genes represent the types of data seen global (Gabra2, Pkm, Paip1) 
or cluster specific (Grhl1, Thy1, Wbp11, Rasl11a, Bok, Jun, Lpl) changes. HE stained 
brain slices are shown on the right and representative in situ hybridization from Allen 
Brain Atlas images of genes are shown below the relative expression images when 
available.  

 
Figure 4 . Olfactory bulb analysis. 

A) Heatmap of the 74 most interesting differentially expressed genes found in the 
hippocampus. Graphic colorized by normalized expression and separated by 
color-coded genotype and cluster region. 

B) Heatmap of log2-fold-change values of genes shown in 4A. 
C) Graphic representation of normalized gene expression of select genes overlaid onto 

olfactory bulb tissue sections. Genes changed by cluster region include Apold1, Nav1, 
Oxr1, Npr1, Sgk1, Ctss, Gabra5, Nr4a3, Fosb, Pla2g7.HE stained brain slices are shown 



on the right and representative in situ hybridization from Allen Brain Atlas images of 
genes are shown below the relative expression images when available 

 

 

 

 



1. Methods 

1.1 Mice 
Mice were generated and maintained at the National Institute on Aging Intramural Research 
facility in Baltimore, MD. Mice were maintained on a standard NIH diet and a 12 -h light/dark 
cycle. Mice were group housed and had ad libitum access to food and water. Generation of the 
AD/P strain has been described previously (Sykora, 2015). Experiments were performed on 
12 -month -old male mice (for spatial transcriptomics) and male and female mice (for validation 
and western blot analyses). All animal procedures were approved by the National Institute on 
Aging Animal Care and Use Committee and complied with NIH guidelines. 

1.2 Tissue collection and sectioning 
 Adult mice were sacrificed and the brains were removed from the cranial cavity, 
embedded in OCT and snap-frozen in isopentane pre-cooled with dry ice and liquid nitrogen. 
Olfactory bulbs and the left hemispheres were sectioned on the cryostat at 10 um thickness. 
Sections were placed on the spatially barcoded arrays with one section per well. 

1.3 Fixation, staining and imaging 
Sections were fixed in 3.6-3.8% formaldehyde (Sigma) in PBS, washed in PBS, then 
treated for 1 min with isopropanol and air-dried. To stain the tissue, sections were 
incubated in Mayer’s Hematoxylin (Dako) for 7 min, then Bluing buffer for 2 min and 
Eosin (Sigma) for 20 s. After drying, the slides were mounted with 85% glycerol and images 
of sections were taken using Metafer Slide Scanning Platform (Metasystems). Raw images 
were stitched together using VSlide software (Metasystems). 

1.4 Tissue pre- and permeabilization 
To pre-permeabilize the tissue, sections of olfactory bulbs were incubated for 30 min at 
37°C with Exonuclease I Reaction Buffer (NEB) mixed with 0.2 ug/ul BSA (NEB). 
Sections from the hippocampal region were incubated for 20 min at 37°C with 0.5 U/ul 
collagenase (Thermofisher) in HBSS buffer mixed with 0.2 ug/ul BSA (NEB). Following 
washing in 0.1x SSC buffer (Sigma), sections of olfactory bulbs and the hippocampal 
region were permeabilized with 0.1% pepsin/HCl (Sigma) at 37°C for 10 and 6 min, 
respectively. Then, the sections were washed with 0.1x SSC buffer. 

1.5 Reverse transcription and library preparation 
After permeabilization, reverse transcription mix containing Superscript III reverse 
transcriptase (Thermofisher) was added to each section and incubated overnight at 42°C as 
described previously (Stahl, 2016). Next, to remove tissue from the slide, sections were 
incubated for 1 h at 56°C with Proteinase K in PKD buffer (both from Qiagen). Surface 
probes with bound mRNA/cDNA were then cleaved from the slide by USER enzyme 



(NEB) (Stahl, 2016). Released probes were collected from each well and transferred to 
separate tubes. Next, 2nd strand synthesis, cDNA purification, in vitro transcription, aRNA 
purification, adapter ligation, post-ligation purification, a second 2nd  strand synthesis and 
purification were carried out using an automated MBS 8000 system as described previously 
(Jemt, 2016). cDNA was amplified by PCR using Illumina Indexing primers (Stahl, 2016) and 
purified using carboxylic acid beads on an automated MBS robot system (Lundin, 2010). An 
Agilent Bioanalyzer High Sensitivity DNA Kit (Agilent) was used to analyse the size  distribution 
of the final libraries. The concentration of the libraries was measured with Qubit 
dsDNA HS (Thermofisher). The libraries were sequenced on the Illumina Nextseq platform 
using paired-end sequencing. Thirty bases were sequenced on read one to determine the 
spatial barcode and UMI, and 55 bases were sequenced on read two to cover the genetic 
region. Probes were collected from each well and transferred to separate tubes. Next, 2nd 
strand synthesis, cDNA purification, in vitro transcription, aRNA purification, adapter ligation, 
post-ligation purification, a second 2nd strand synthesis and purification were carried out using 
an automated MBS 8000 system as described previously (Jemt et al). cDNA was amplified by 
PCR using Illumina Indexing primers (Ståhl et al) and purified using carboxylic acid beads on an 
automated MBS robot system (Lundin et al.) An Agilent Bioanalyzer High Sensitivity DNA Kit 
(Agilent) was used to analyse the size distribution of the final libraries. The concentration of the 
libraries was measured with Qubit dsDNA HS (Thermofisher).  

1.6 Staining of the slide features  
After the probes release from the slide surface, the features with remaining non-cleaved DNA 
probes were detected by incubation with hybridisation mixture containing Cyanine-3 labelled 
oligonucleotides, as described previously (Stahl, 2016). Fluorescent images were acquired 
using the same microscope as for the bright field images. 

1.7 Sequencing 
The libraries were sequenced on the Illumina Nextseq platform using paired-end sequencing. 
Thirty bases were sequenced on read one to determine the spatial barcode and UMI, and 55 
bases were sequenced on read two to cover the genetic region. 

1.8 Image alignment and spot detection 
Bright field stained images (HE) and fluorescent images (Cy3) were aligned using Adobe 
Photoshop CS6 by first down-sampling them by 40% and then overlaying both images using the 
transparency channels. The alignment was performed using common tissue features visible in 
both images when applying brightness and contrast filters. Aligned images were cropped to the 
borders of the array and a mask was created around the Cy3 image outside the tissue area, the 
images were then saved for the spot detection. The spot detection was performed with ImageJ 
where the spot centroids were detected using the analyze particles feature. Detected spot 
centroids (inside tissue) pixel coordinates were exported to a file. R script was then used to 
convert the pixel coordinates to array coordinates and to assign them to an array position by 
rounding methods. 

 



1.9 Data processing 
Sequenced raw data was processed using the open source ST Pipeline v1.45 (Navarro,l 2017) 
with the genome reference Ensembl GRCm38 v86 and reference Mouse GenCode vM11 
(Comprehensive gene annotation).  
 
The ST Pipeline was executed with the following settings:  
 

● Enabled homopolymers filter (A,G,T,C,N) with a length of 10 
● Enabled two-pass mode for the alignment step 
● Removed non coding RNA (Using the latest (v86) non coding RNA database from 

Ensembl) 
● Discarded reads whose UMI has more than 6 low quality bases 
● Discarded trimmed reads shorter than 20 

 
The matrices of counts (spots by genes) generated by the ST Pipeline were filtered to replace 
Ensembl ids by gene names and to keep only protein-coding, long-non-coding-intergenic and 
antisense genes.The matrices of counts underwent another filtering step where only spots 
inside the tissue were kept using the file generated in the previous step (Image alignment). 

1.10 Datasets 
We sectioned a total of 48 mice (12 from the OFB and 12 the from hippocampus with 2 
replicates per section) (ref Supplementary Table 1). 

1.11 Factor Analysis 
A joint factor analysis (Maaskola, 2019) was performed separately for the OFB and 
hippocampus datasets. The genotype and section number were used as covariates to adjust for 
batch effects. We used the version 0.4 with the following parameters: 
  

--adjdepth  
--stage 50  
--minread_spot 10 
--dropout 0.2  
--optim adam  
--adam_nesterov  
--transpose  

 
The factor analysis generates factors activities for each spot. Factors usually correspond to 
different regions in a uniform and unbiased way. The OFB dataset was processed to compute 
10 factors, the hippocampus dataset was processed to compute 20 factors. We clustered 
hierarchically the factor activities of each dataset, which resulted in 14 clusters in the 
hippocampus and 5 clusters in the OFB. 
 
 
 
  



1.12 Differential Expression Analysis 
Two differential expression analyses were performed separately for each dataset (OFB and 
hippocampus). Spots whose total count was below 200 were discarded. Similarly, genes that 
were detected (count > 0) in less than 10% of the spots were also discarded. For the OFB 
dataset spots for each cluster were sub-sampled in order to have a maximum of 20 spots per 
cluster (region) and genotype, this was repeated 12 times and only the genes that were 
detected 6 out of 12 times were kept. The R package DESeq2 (Love,, 2014) was the tool used 
to perform the differential expression analysis with the following settings: 
 

● useT=TRUE 
● minmu=1e-6 
● sfType="poscounts" 
● minReplicatesForReplace=Inf 
● test=”Wald” 

 
Adjusted p-values and log2-fold-changes were computed in two different ways. A 
genotype-based analysis for each cluster (AD vs WT, ADP vs WT and PolB vs WT) and 
spatial-based analysis for each genotype (one vs rest). An adjusted p-value of 0.1 and an 
absolute log2-fold-change of 0.5 were used as confidence thresholds.  
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Supplementary Figure 3 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure 4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure 5 
 

 

 
 



 

 
 
 
 



 
Supplementary Figure 6 
 

 

 
 



 
 

 
 
 



 
 

 
 
 



 
Supplementary Figure 7 
 

 
 
 
 
 



Supplementary Figure 1. Unsupervised clustering (hippocampus). 
 

A) Dimensionality reduction (UMAP) of the factor activities computed in the hippocampus 
(20 factors). On the left the spots are coloured by animal, in the center they are coloured 
by genotype and on the right they are coloured by cluster (14  clusters).  

B) The 14 hippocampus clusters plotted onto the tissue sections. Each pair of replicates 
correspond to a mouse. HE statining of replicates set number 3 on the right.  
 

 
Supplementary Figure 2. Unsupervised clustering (olfactory bulb). 
 

A) Dimensionality reduction (UMAP) of the factor activities computed in the OFB (10 
factors). On the left the spots are coloured by the animal, in the center they are coloured 
by genotype and on the right they are coloured by cluster (5  clusters).  

B) The 5 hippocampus clusters plotted onto the tissue sections. Each pair of replicates 
correspond to a mouse. HE statining of replicates set number 3 on the right.  
 

Supplementary Figure 3. Summary of the results of the  differential expression analysis. 
 

A) Venn diagrams obtained from the highly confident differentially expressed genes in the 
hippocampus dataset for different genotypes and regions.  

B) Venn diagrams obtained from the highly confident differentially expressed genes in the 
OFB dataset for different genotypes and regions.  
 

Supplementary Figure 4. Validation Glo1-2 
 

A) Western blots (Glo1 and Vinculin), labels in sets of three from left to right (WT, PolB, AD 
and AD/P). 

B) Western blots (Glo2 and Vinculin), labels in sets of three from left to right (WT, PolB, AD 
and AD/P). 

Supplementary Figure 5. Graphic representation of a few gene’s normalized expression data 
across all mice are displayed (hippocampus). Images for Lpl, Bok, Gabra2 and Jun are shown.  

Supplementary Figure 6. Graphic representation of a few gene’s normalized expression data 
across all mice are displayed (olfactory bulb). Images for Nav1, Gabra5, Nr4a3, Oxr1, Fosb, 
Pla2g7 are shown.  

Supplementary Figure 7. Datasets stats  

A) Box and whiskers plots of the hippocampus sections. Each bar represents a section, the 
figure on top is based on the reads distributions and the figure on the bottom is based on 
the genes distributions.  



B) Box and whiskers plots of the OFB sections. Each bar represents a section, the figure on 
top is based on the reads distributions and the figure on the bottom is based on the 
genes distributions.  

 

 
 

 


