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Abstract 

Extracellular amyloid-β (Aβ) plaques and intracellular aggregates of tau protein in form of neurofibrillary tangles (NFT) 
are pathological hallmarks of Alzheimer’s disease (AD). The exact mechanism how these two protein aggregates inter-
act in AD is still a matter of debate. Neuritic plaques (NP), a subset of Aβ plaques containing dystrophic neurites (DN), 
are suggested to be unique to AD and might play a role in the interaction of Aβ and tau. Quantifying NP and non-NP 
in postmortem brain specimens from patients with increasing severity of AD neuropathological changes (ADNC), we 
demonstrate that the total number of Aβ plaques and NP increase, while the number of non-NP stagnates. Further-
more, investigating the correlation between NP and NFT, we identified unexpected brain region-specific differences 
when comparing cases with increasingly more severe ADNC. In neocortical regions NFT counts increase in parallel 
with NP counts during the progression of ADNC, while this correlation is not observed in hippocampus. These data 
support the notion that non-NP are transformed into NP during the progression of ADNC and indicate that NP might 
drive cortical NFT formation. Next, using spatial transcriptomics, we analyzed the gene expression profile of the micro-
environment around non-NP and NP. We identified an upregulation of neuronal systems and Ca-dependent event 
pathways around NP compared to non-NP. We speculate that the upregulation of these transcripts may hint at a com-
pensatory mechanism underlying NP formation. Our studies suggest that the transformation of non-NP to NP is a key 
event in ADNC progression and points to regenerative failure as a potential driving force of this process.
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Introduction
Alzheimer’s disease (AD) is neuropathologically char-
acterized by the presence of extracellular amyloid- β 
deposits (Aβ), intracellular neurofibrillary tangles 
(NFT), and neuronal loss [70]. Genetic studies indi-
cate that Aβ is central to AD pathophysiology [62, 69]. 
According to the Amyloid Cascade Hypothesis (ACH), 
Aβ plaques are the main pathological trigger of tau 
pathology, leading to neurodegeneration and cogni-
tive decline [62]. The ACH, however, does not account 
for different morphologies of Aβ plaques observed 
in human AD brains and does not consider how sub-
types of Aβ plaques may differentially affect the cascade 
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of events leading to tauopathy and neurodegenera-
tion. A plethora of Aβ plaque morphologies have been 
described in the scientific literature, including but not 
limited to “neuritic plaques,” “dense-core plaques,” 
“diffuse plaques,” “burned-out plaques,” “cotton-wool 
plaques,” [16] “coarse-grain plaques” [8], and “bird 
nest plaques” [32]. Furthermore, Aβ deposits are also 
detected in cognitively normal, elderly subjects, [19] a 
condition termed “pathological aging”. The majority of 
animal models of Aβ deposition however fail to reca-
pitulate the diversity of the Aβ plaque morphologies 
observed in human brain tissue, which may explain the 
limited knowledge about the contributions of individ-
ual Aβ plaque subtypes to AD pathophysiology.

Neuritic plaques (NP), a subset of Aβ plaques sur-
rounded by swollen or dystrophic neurites (DN), are 
considered to be unique to AD. Abnormal DN are het-
erogeneous and may contain inclusions such as p-tau, 
mitochondria, paired helical filaments, axonal trans-
port proteins, and multivesicular bodies [12, 15, 23, 27, 
64]. Swollen neurites are thought to be mostly axonal 
cytoskeleton alterations [9, 43, 56, 67] and have been 
demonstrated to be associated with dysregulated cal-
cium homeostasis [36, 68]. DN can be found around 
both dense-cored plaques and diffuse plaques, with 80% 
of DN being associated with dense-core plaques in end-
stage AD cases, as compared to the 20% of DN being 
associated with diffuse plaques [21]. The mechanism 
underlying DN formation and its physiological con-
sequences is not yet known. A study using the 5xFAD 
mouse model of Aβ pathology injected with human 
brain-derived pathological tau (AD-tau) suggested that 
DN are the site where Aβ plaques facilitate tau accumu-
lation [30]. However, evidence of this process in human 
AD brains is lacking.

NP are sites where important neuropathological fea-
tures of AD converge – namely, Aβ plaques, tau aggre-
gates, and activated glial cells. Moreover, NP are shown 
to disrupt long-range neuronal networks [79] and are 
positively correlated with cognitive decline [29, 45]. 
Therefore, understanding the distribution of NP and 
non-NP in different brain regions during the progression 
of AD neuropathological changes is imperative.

Here, we used postmortem human brain tissues from 
cases with progressively worse Alzheimer’s disease neu-
ropathological changes (ADNC) to examine the relation-
ship between non-NP, NP, and NFT. We next employed 
spatial transcriptomics to evaluate the gene expression 
profile of microenvironment around non-NP and NP. 
Our results suggest that non-NP are transformed into NP 
during the progression of ADNC and indicate that NP 
are responsible for the cortical spread of NFT via regen-
erative failure of degenerating neurons.

Methods
Patient samples
For this study, 83 postmortem brain tissues were selected 
from the University of Florida Human Brain and Tissue 
Bank (UF HBTB) (Table 1). All protocols were approved 
by the University of Florida Institutional Review Board. 
The NIA-AA guideline for pathological diagnosis consti-
tutes the Thal phase of Aβ plaques (A), Braak and Braak 
NFT stage (B), and CERAD neuritic plaque score (C) 
– “ABC” score – for determining ADNC [50]. Based on 
the NIA-AA guideline for the neuropathological assess-
ment of AD [31], cases were grouped into “low AD” (18 
cases), “interm AD” (22 cases), and “high AD” (43 cases). 
High AD cases were further separated into cases with 
“pure” Aβ and tau pathology (21 cases) and cases with 
additional Lewy body pathology (“high AD mixed pathol-
ogy,” 22 cases). Hippocampus, adjacent portions of infe-
rior temporal cortex, frontal cortex, and occipital cortex 
were analyzed for each case. The postmortem brain 
tissue samples were balanced for sex. Details of case 
demographics and neuropathological data are shown in 
Table 1 and Additional File 1: Table 2.

Gallyas Silver impregnation and IHC staining
Gallyas Silver staining and immunohistochemistry (IHC) 
double stain were performed to quantify NP and non-NP. 
8 μm thick sections of formalin-fixed, paraffin-embedded 
(FFPE) brain tissues were deparaffinized in xylene (2 × 5 
min) and an ethanol series (100%, 100%, 90%, 70%) for 
1 min each. Following that, a modified Gallyas Silver 
impregnation protocol was carried out as described in a 
method paper from the Saito lab [37].

Briefly, brain sections were placed in a Coplin jar filled 
with 5% periodic acid for 5 min, followed by two washes 
in dH2O for 5 min each. Sections were then immersed in 
an alkaline silver iodide solution for 1 min. After a few 
quick rinses with dH2O and a 10-min wash in 0.5% acetic 
acid, sections were placed in the developer solution (pre-
pared 30 min prior and stored in a refrigerator at 4 °C) 
for 18–22 min. Following the development, sections were 
washed in 0.5% acetic acid for 3 min and then washed 
in dH2O for 5 min. Next, sections were placed in 0.1% 
gold chloride for 5 min, briefly rinsed in dH2O, and then 
incubated in 1% sodium thiosulphate solution for 5 min 
before being rinsed with tap water.

After completion of the silver stain, the IHC protocol 
was performed by incubating sections in a solution of 
0.1M Tris (pH 7.6) and 0.05% Tween at high pressure for 
15 min to induce antigen retrieval. This was followed by 
incubation of the sections in a PBS/H2O2 solution with 
10% Triton-X for 20 min to quench endogenous peroxi-
dases. After multiple washes with tap water and a 5-min 
wash in 0.1 M Tris (pH 7.6), sections were incubated in 
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Table 1  Neuropathological data for cases used in this study

Sample Neuropath Thal Braak CERAD APOE Sex Age PMI MMSE score Lewy body pathology LATE-NC

1 Low AD 1 I None 3/3 F 72 144 NA No No

2 Low AD 1 I None 3/3 F 65 15 NA No No

3 Low AD 1 III None 3/4 F 79 72 NA No No

4 Low AD 1 III None 3/3 F 92 8 NA No No

5 Low AD 1 IV None 2/3 F 74 7.5 NA No No

6 Low AD 2 II None 3/4 F 63 168 NA No No

7 Low AD 2 III None 3/4 F 82 5 NA No No

8 Low AD 3 II Sparse 3/3 F 96 16 NA No No

9 Low AD 4 II Sparse 2/3 F 77 12 30/30 No No

10 Low AD 4 0 None 3/4 F 82 22 20/30 No No

11 Low AD 4 I None 3/3 F 66 72 NA No No

12 Low AD 1 I None 2/3 M 68 48 NA No No

13 Low AD 1 II None 3/3 M 89 28 NA No No

14 Low AD 3 II mild 3/3 M 91 72 NA No No

15 Low AD 3 II Sparse 3/3 M 81 144 NA No No

16 Low AD 1 II None 3/3 M 90 14 NA No No

17 Low AD 1 II None 3/3 M 88 4 19/30 No No

18 Low AD 3 II Sparse 3/3 M 79 34 unspecific dementia No No

19 Intermediate AD 4 III Moderate 3/3 F 83 192 NA No No

20 Intermediate AD 5 IV Frequent 3/3 F 100 18 NA No No

22 Intermediate AD 3 II Sparse 3/3 F 79 ? NA No No

23 Intermediate AD 5 IV Frequent 3/3 F 93 18 NA No stage 2

24 Intermediate AD 4 IV Frequent 3/3 F 89 8 24/30 No No

25 Intermediate AD 4 III moderate 3/3 F 106 4 NA No No

26 Intermediate AD 3 V Frequent 3/3 F 83 27 NA No No

27 Intermediate AD 3 IV moderate 3/4 F 74 192 NA No No

28 Intermediate AD 4 V moderate 3/4 F 99 8 NA No No

29 Intermediate AD 4 IV Frequent 3/3 F 90 19 MOCA- 22/30 No No

30 Intermediate AD 5 IV Frequent 3/3 M 72 72 NA No No

31 Intermediate AD 5 IV moderate 3/3 M 86 48 NA No No

33 Intermediate AD 5 III sparse 2/4 M 78 4 MOCA- 11/29 No No

34 Intermediate AD 4 III sparse 3/4 M 86 12 NA No No

35 Intermediate AD 4 III moderate 3/3 M 72 17 30/30 No No

36 Intermediate AD 5 IV Frequent 3/4 M 90 7 NA No No

37 Intermediate AD 3 VI moderate 3/3 M 82 13 1/30 No No

38 Intermediate AD 5 III moderate 3/3 M 83 22 NA No No

39 Intermediate AD 5 IV moderate 3/3 M 78 10 NA No stage 2

40 Intermediate AD 3 IV sparse 3/3 M 73 8 NA No stage 2

21 High AD Pure 5 VI moderate 2/3 F 68 9 NA No No

32 High AD Pure 5 VI moderate 3/3 M 73 7 NA No No

41 High AD Pure 5 V Frequent 2/4 F 97 10 NA No No

42 High AD Pure 5 VI Frequent 3/3 F 63 10 NA No No

43 High AD Pure 5 V Frequent 3/3 F 83 9 NA No No

44 High AD Pure 5 V Frequent 3/3 F 78 5 NA No No

45 High AD Pure 5 V Frequent 3/3 F 64 12 NA No No

46 High AD Pure 5 VI Frequent 3/3 F 76 3.5 dementia reported No No

47 High AD Pure 5 VI Frequent 3/3 F 80 19 NA No No

48 High AD Pure 4 V Frequent 3/4 F 85 18 23/30 No No

49 High AD Pure 5 V Frequent 3/4 F 72 12 NA No No
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normal horse serum (Vector Labs) for 20 min, followed 
by blocking in 2% FBS/0.1  M Tris (pH 7.6) for 5  min. 
Anti-Aβ antibody, Ab5 (1:1000 dilution, Golde Lab, UF), 
was then diluted in a blocking buffer and incubated over-
night at 4  °C. The following day, sections were rinsed in 
0.1  M Tris (pH 7.6) and blocked in 2% FBS/0.1  M Tris 
(pH 7.6) for 5  min before incubating with the second-
ary antibody (anti-Mouse Alkaline Phosphatase Imm-
PRESS Polymer Reagent, Vector Labs) for 30 min. After 
a quick wash in 0.1 M Tris, color was developed using an 
Alkaline Phosphatase substrate kit (Vector Red Substrate 
Kit, AP- SK-5100) for 5 min. Then, sections were coun-
terstained with hematoxylin (Sigma Aldrich, catalog# 

51,275) for 1 min. Next, sections were rinsed in tap water 
and washed in isopropanol (2 × 5 min) before coverslip-
ping with VectaMount Express mounting medium (Vec-
tor Laboratories catalog# ZK0209).

Double IHC staining
Gallyas silver staining and p-tau are both used as mark-
ers of neuritic plaques. However, these two markers 
stain different phases of tau maturation. To reflect this, 
we also used anti-p-tau and anti-Aβ double immunola-
beling to quantify the non-NP and NP in frontal cortex. 
For p-tau and Aβ plaques double staining, the IHC pro-
tocol was performed as previously described above with 

Table 1  (continued)

Sample Neuropath Thal Braak CERAD APOE Sex Age PMI MMSE score Lewy body pathology LATE-NC

50 High AD Pure 5 V Frequent 3/4 F 86 14 13/30 No No

62 High AD Pure 4 V Frequent 3/4 M 84 16 9/30 No No

63 High AD Pure 5 V Frequent 3/4 M 78 20 15/30 No No

64 High AD Pure 5 V Frequent 3/4 M 74 12 CDR 0 No No

65 High AD Pure 5 V Frequent 3/3 M 95 5 NA No No

66 High AD Pure 4 V Frequent 3/4 M 77 5 21/30 No No

67 High AD Pure 5 VI Frequent 3/3 M 66 5 NA No No

68 High AD Pure 5 VI Frequent 3/3 M 79 21 16/30 No No

69 High AD Pure 5 VI Frequent 3/4 M 63 2 NA No No

70 High AD Pure 5 VI Frequent 3/3 M 83 7 NA No No

71 High AD Pure 5 VI Frequent 3/4 M 59 7 14/30 No No

72 High AD Pure 5 VI Frequent 4/4 M 70 8 NA No No

51 High AD mixed 5 VI Frequent 3/4 F 84 72 NA diffuse neocortical No

52 High AD mixed 5 V Frequent 3/4 F 83 6 NA diffuse neocortical No

53 High AD mixed 5 VI Frequent 4/4 F 75 NA dementia reported diffuse neocortical stage 2

54 High AD mixed 4 V Frequent 3/4 F 76 20 dementia reported diffuse neocortical stage 3

55 High AD mixed 5 V Frequent 3/3 F 63 12 26/30 diffuse neocortical stage 3

56 High AD mixed 5 V Frequent 2/3 F 98 9 20/30 diffuse neocortical stage 3

57 High AD mixed 5 VI Frequent 4/4 F 75 8 22/30 amygdala-predominant stage 1

58 High AD mixed 5 VI Frequent 3/4 F 83 11 23/30 amygdala-predominant no

59 High AD mixed 5 V Frequent 3/3 F 88 4 2/30 amygdala-predominant no

60 High AD mixed 5 VI Frequent 4/4 F 76 3 14/30 limbic-transitional stage 3

61 High AD mixed 5 V Frequent 3/3 F 78 12 NA limbic-transitional stage 2

73 High AD mixed 5 V Frequent 3/4 M 80 21 NA diffuse neocortical stage 2

74 High AD mixed 5 VI Frequent 3/3 M 62 5 NA diffuse neocortical stage 2

75 High AD mixed 5 VI Frequent 3/4 M 78 22 NA diffuse neocortical No

76 High AD mixed 5 V Frequent 3/3 M 64 3 7/30 amygdala-predominant No

77 High AD mixed 5 VI Frequent 3/3 M 70 4 13/30 amygdala-predominant stage 2

78 High AD mixed 5 VI Frequent 3/3 M 87 9 NA diffuse neocortical No

79 High AD mixed 5 V Frequent 3/3 M 94 144 NA limbic-transitional No

80 High AD mixed 5 VI Frequent 4/4 M 91 14.25 NA diffuse neocortical stage 1

81 High AD mixed 5 V Frequent 3/3 M 85 25 NA amygdala-predominant No

82 High AD mixed 5 V Frequent 3/3 M 79 14 6/30 amygdala-predominant stage 1

83 High AD mixed 5 VI Frequent 3/3 M 83 11 NA amygdala-predominant stage 1
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the following changes. After overnight incubation with 
both primary antibodies (anti-p-tau antibody, 7F2(1:5k 
dilution, B.Giasson Lab, UF)) and anti-Aβ antibody, 
D12B2(1:1000 dilution, Cell Signaling)), sections were 
first incubated in biotinylated secondary antibody (Imm-
PRESS-HRP Polymer anti-Rabbit Reagent) for 30 min 
and then developed with 3,3′-diaminobenzidine (Vector 
DAB, Vector Labs, catalog #51,275) for 1 min. Following 
a 10-min wash in tap water, sections were then immersed 
in an alkalinated secondary antibody (ImmPRESS-AP 
(Alkaline Phosphatase) Polymer anti-Mouse Reagent, 
Vector Labs, catalog# MP-5402) for 1 h and then devel-
oped using an Alkaline Phosphatase substrate kit (Vector 
Red Substrate Kit, AP- SK-5100) for 5 min.

Spatial transcriptomics using the NanoString GeoMx 
Digital Spatial Profiling (DSP)
For GeoMx DSP study, total 12 representative frontal 
cortex brain samples were selected with 4 cases from 
each stages of ADNC (4 low AD cases, 4 intermediate 
AD cases, and 4 high AD cases). Three different 250 μm 
diameter ROIs (Non-NP ROI, NP ROI, and control no 
plaque ROI) were selected from each case. From each 
case, total 23 ROIs were selected which constitute 10 
Non-NP ROIs, 10 NP ROIs, and 3 Control no plaque 
ROIs.

Nanostring GeoMx DSP experiments were performed 
according to the Nanostring GeoMx DSP Slide Prepara-
tion User Manual and GeoMx DSP NGS Readout User 
Manual obtained from NanoString University (university.
nanostring.com). Briefly, 5  μm thick sections of forma-
lin-fixed, paraffin-embedded (FFPE) brain tissues were 
deparaffinized and rehydrated, target retrieved, digested 
with proteinase K, and post-fixed with 10% Neutral-
buffered formalin (NBF). Next, sections were incubated 
overnight with GeoMx Whole Transcriptomic Atlas 
(WTA)- Human RNA detection probes that are conju-
gated to DNA-oligonucleotides barcodes via a UV-pho-
tocleavable linker. Following a stringent wash, sections 
were stained with morphology and nuclear markers for 
Aβ plaques (Texas Red 594), p-tau 7F2 (Cy5 666), and 
DNA (SYTO-13) and imaged for visualization. 250  μm 
diameter ROIs were selected using NanoString GeoMx 
DSP, and then photocleaved oligonucleotides from each 
region-of-interest (ROI) were aspirated and collected 
into individual wells of a 96-well PCR collection plate. 
The collection plate was dried overnight, rehydrated to 
equal amounts, and then the library was prepared by 
PCR amplifying the oligo tags with PCR Master Mix 
and GeoMx SeqCode primers. After PCR, libraries were 
pooled and cleaned with AMPure XP beads (catalog# 
A63880) and assessed for quality and quantity using 
Qubit and Agilent BioAnalyzer DNA HS Kit. Finally, 

libraries were sequenced on an Illumina NovaSeq 6000 
according to the manufacturer’s instructions. FASTQ 
files were processed into digital count conversion (DCC) 
files using NanoString GeoMx NGS Pipeline v2.0.21 on 
Illumina BaseSpace Sequence Hub.

Data analysis
IHC-stained brain slides were code blinded using a ran-
dom number generator (RANDOM.ORG) and then 
scanned using an Aperio AT2 slide scanner (Leica Bio-
systems). The blinded observer manually counted the 
NP and non-NP count using Aperio ImageScope 12.4.6 
(Leica Biosystems). NP and non-NP counts were normal-
ized to the total area of the tissue section.

For GeoMx WTA data analysis, raw counts were 
checked for quality control (QC) for both segment/
ROI and biological probe. Segments with less than 1000 
raw reads, less than 80% aligned reads, less than 50% 
sequencing saturation, and less than 20 nuclei count 
were removed. After segment and biological probe QC, 
a limit of quantification (LOQ) per segment and tar-
get was carried out to filter segments and targets that 
are expressed below the expression threshold. LOQ is a 
confidence threshold that is calculated based on the dis-
tribution of negative control probes. 5% LOQ was used 
for both segment and target as an expression threshold. 
Data were normalized to quartile 3 (Q3) for downstream 
data visualization and analysis. Q3 normalization allows 
similar gene expression ranges for all segments to reduce 
variance.

Statistics
For IHC data quantification, one-way ANOVA with Tuk-
ey’s post-hoc multiple comparisons was used. For spatial 
transcriptomic analysis, linear mixed model (LMM) with 
Benjamini–Hochberg multiple test correction was used.

Results
Evidence for transformation of non‑neuritic plaques 
into neuritic plaques during the progression of ADNC.
To investigate the distribution of non-NP and NP and 
their relationship to each other, we selected 83 postmor-
tem brain samples that were divided into four groups 
based on ADNC: “low AD”, “intermediate AD”, “high AD” 
(pure), and “high AD with mixed” pathology. For each 
case, we analyzed multiple brain regions and subregions 
to reflect the progression of ADNC. Hippocampal subre-
gions and the inferior temporal gyrus were selected as a 
region affected early in ADNC progression. The frontal 
cortex and occipital cortex were included to interrogate 
brain regions increasingly affected in cases with ADNC 
intermediate and ADNC high respectively. To morpho-
logically characterize and quantify non-NP and NP in the 
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same tissue section, we stained 8 μm thick sections with 
Gallyas Silver staining and anti-Aβ antibody Ab5 [40]. 
For the purpose of our study, we defined NP by the pres-
ence of both Gallyas Silver positive DN and Ab5 posi-
tivity, whereas non-NP were defined by the presence of 
only anti- Aβ antibody Ab5 positivity. Although different 
Aβ plaque morphologies (e.g., diffuse, dense-core, etc.) 
were noted, all Aβ plaques within a given tissue sample 
were categorized as either non-NP or NP. Non-NP and 
NP count were manually counted by a blinded observer 
and then normalized to the total tissue area. As expected, 
total plaque counts and counts of Gallyas Silver + NP 
increased in the hippocampus, frontal cortex, and occipi-
tal cortex with increasing severity of ADNC from low 
AD to high AD (Fig. 1). Hippocampal subregions that are 
closer to the neocortex also show a significant increase in 
NP counts between intermediate AD and high AD (Addi-
tional file 1: Supplementary Fig. 1), while this trend was 
not as obvious in subregions of the hippocampus proper 
(Additional file 1: Supplementary Fig. 1). Counts of non-
NP stagnated in the hippocampus, frontal cortex, and 
occipital cortex when comparing intermediate AD and 
high AD cases (Fig. 1). In general, we observed a diver-
gence of counts for NP and non-NP between intermedi-
ate AD and high AD cases in all brain regions examined.

Both phosphorylated tau (p-tau) antibody staining and 
Gallyas silver staining are currently used to visualize NP 
[50, 72]. However, Gallyas silver staining and p-tau anti-
bodies stain tau aggregates at different maturation phases 
[49]. To test the correlation between Gallyas Silver + NP 
and accumulation of p-tau around Aβ deposition, we 
next performed p-tau (antibody 7F2 (Thr205) [75] and 
Aβ double labeling in the frontal cortex. For this analy-
sis, we defined Aβ plaques stained by anti- Aβ antibody, 
D12B2 surrounded by neuritic 7F2 immunoreactivity 
as NP, and D12B2 + Aβ plaques without neuritic 7F2 
staining as non-NP. This analysis revealed an increase in 
7F2 + NP during the progression of ADNC, whereas the 
count of non-NP was not significantly different between 
intermediate AD and high AD cases (Fig. 2). These data 
support the notion derived from our analysis of Gallyas 
Silver + NP and suggest that 7F2 + NP counts trends are 
increasing in a similar fashion during the progression of 
ADNC.

NFT appear to precede NP in the hippocampus but follow 
NP in cortical regions
NP are suggested to be a driving force for cortical tau 
aggregation [30]. To elucidate the relationship between 
NP and NFT in ADNC progression, we examined the 
spatiotemporal distribution of NP and NFT. Gallyas Sil-
ver impregnation and IHC staining enable the visualiza-
tion of both NP and NFT in the same brain section. As 

expected, NFT counts increased in the hippocampus, 
frontal cortex, and occipital cortex when comparing low 
AD and intermediate AD cases (Fig.  3a). A significant 
increase of NFT counts was also seen in cortical regions 
(frontal cortex and occipital cortex) during the progres-
sion from ADNC from intermediate AD to high AD 
while NFT counts in the hippocampal subregions did not 
follow this trend (Fig.  3a; Additional file  1: Supplemen-
tary  Fig.  2). NFT counts from individual hippocampal 
subregions show a significant increase comparing low 
AD to high AD, but no significant differences in NFT 
counts are observed between intermediate AD and high 
AD cases (Additional file 1: Supplementary Fig. 2). This 
is contrary to NP counts, which significantly increased 
when comparing intermediate AD to high AD in almost 
all brain regions examined (Fig.  1) except for a few 
hippocampal subregions (dentate gyrus, CA4, CA3, 
entorhinal cortex, and subiculum) (Additional file 1: Sup-
plementary Fig. 1). To get a better understanding of the 
relationship between NP and NFT during the progres-
sion of ADNC, we calculated the ratio of NFT counts 
and NP counts for a given brain region. An increase in 
the NFT/NP ratio during the progression of ADNC from 
intermediate AD to high AD would support the “seeding” 
of NFT by p-tau + NP. This analysis revealed interesting 
brain region-specific characteristics of the NFT/NP ratio. 
In the hippocampus, we observed no significant differ-
ences in the NFT/NP ratio during the progression of 
ADNC from intermediate AD to high AD (Fig. 3b). The 
NFT/NP ratio in hippocampal subregions also showed no 
significant differences between ADNC groups, except for 
an increase from low AD to high AD in CA4 (Additional 
file 1: Supplementary Fig. 2b). There was, however, a sig-
nificant increase in the NFT/NP ratio in the frontal cor-
tex and occipital cortex, comparing intermediate AD to 
high AD cases (Fig. 3c, d). In summary, we observed that 
relative abundance of NFT in relation to NP is increased 
in cortical regions in the progression of ADNC, but this 
relationship is not observed in hippocampus.

Neuronal systems, calcium‑dependent events, 
and Neurotransmission across chemical synapse pathways 
are upregulated around NP compared to non‑NP
Our histological data suggest that non-NP are trans-
formed into NP in the progression of ADNC, and NP tau 
might initiate the cortical spreading of NFT. To better 
understand the differences in the tissue microenviron-
ment between non-NP and NP, we employed a spatial 
transcriptomics approach using the human whole tran-
scriptome atlas (WTA) on the NanoString GeoMx Digi-
tal Spatial Profiler (DSP) platform. For this analysis, we 
selected 12 representative cases from our histological 
study (4 low AD cases, 4 intermediate AD cases, and 4 
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Fig. 1  Non-NP are transformed into NP during the progression of ADNC. a Hippocampus all regions. CA1 region from different AD 
neuropathological changes were shown in low magnification (300 μm) and non-NP and NP from each case were shown, in insert, with high 
magnification (60 μm). NP and non-NP were determined by using modified Gallyas silver staining and anti-Aβ antibody Ab5 (anti-Mouse). Non-NP 
and NP count was manually counted by a blinded observer from the same case and compared between low AD (n = 15), intermediate AD (n = 15), 
high AD (n = 23), and high AD mixed pathology (n = 20). Between intermediate AD and high AD cases, non-NP is slightly lower in high AD but NP 
count is significantly higher in high AD. b Frontal cortex. Frontal cortex images from different AD neuropathological changes. Quantification 
of non-NP, NP, and total plaque (Non-NP and NP) were compared between low AD (n = 18), intermediate AD (n = 18), high AD (n = 19), and high AD 
mixed pathology (n = 21). Comparing intermediate AD and high AD cases, the non-NP count is lower in high AD, but NP is significantly increased 
in high AD. c Occipital Cortex. Occipital cortex images from different AD neuropathological changes- Low AD (n = 16), intermediate AD (n = 20), 
High AD (n = 23), and high AD mixed pathology (n = 20). No significant differences in non-NP between intermediate AD and high AD but NP 
is significantly increased in high AD.



Page 8 of 20Tsering et al. Acta Neuropathologica Communications          (2023) 11:190 

Fig. 2  Non-NP are transformed into NP in the progression of ADNC using p-tau staining as a NP marker in the frontal cortex. a Low magnification 
(300 μm) and high magnification (60 μm) images of frontal cortex in different AD neuropathological changes. Non-NP, NP, and total plaque count 
were compared between low AD (n = 18), intermediate AD (n = 17), high AD (n = 23), and high AD mixed pathology (n = 21). NP and non-NP were 
determined by using p-tau (7F2) staining and anti-Aβ antibody D12B2 (anti-Rabbit). b Comparing intermediate AD and high AD, the non-NP count 
is not changed, but the NP count is significantly higher in high AD cases. The manual count of total plaques shares a similar trend with the software 
(Qupath) quantification of the percent positivity of amyloid plaque from consecutive tissues

(See figure on next page.)
Fig. 3  NFT appear to precede NP in hippocampus but follow NP in cortical regions. a Quantification of NFT count (NFT/mm2) in hippocampus 
all regions, frontal cortex, and occipital cortex. NFT count, along with non-NP and NP count is quantified from the same sample using modified 
Gallyas silver staining and anti-A β antibody Ab5 (anti-Mouse). NFT count is increased in the progression of AD neuropathological changes 
with a significant increase from low AD and intermediate AD to high AD cases. Sample size- low AD (n = 14), intermediate AD (n = 15), high AD 
(n = 21), and high AD mixed pathology (n = 20). b NFT/NP ratio in the hippocampus all regions. CA1 region (Low magnification 300 μm) from a high 
AD case with NP and NFT depicted in high magnification (60 μm). No significant differences in NFT/NP in the hippocampus all regions between AD 
stages. Sample size- low AD (n = 14), intermediate AD (n = 15), high AD (n = 21), and high AD mixed pathology (n = 19). c NFT/NP ratio in frontal 
cortex. Frontal cortex (Low magnification 300 μm) from a High AD case with NP and NFT depicted in high magnification (60 μm). No significant 
differences in NFT/NP between low AD and intermediate AD, but significant increase in NFT/NP from low AD and intermediate AD to high 
AD. Sample size- low AD (n = 18), intermediate AD (n = 18), high AD (n = 19) and high AD mixed pathology (n = 21). d NFT/NP ratio in occipital 
cortex. Occipital cortex (Low magnification 300 μm) from a high AD case with NP and NFT depicted in high magnification (60 μm). NFT/NP ratio 
is significantly increased from low AD and intermediate AD to high AD. Sample size- low AD (n = 16), intermediate AD (n = 19), high AD (n = 23), 
and high AD mixed pathology (n = 20)
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Fig. 3  (See legend on previous page.)
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high AD cases). For each sample, we selected 23 ROI 
(10 NP ROI, 10 Non-NP ROI, and 3 Control (no plaque) 
ROI) (Fig.  4a). Non-NP were defined by the presence 
of only Aβ staining (green, Fig.  4a, right panel, middle 
image), NP were defined by the presence of both Aβ and 
7F2 p-tau staining (red and green, Fig.  4a, right panel, 
top image), and Control (no plaque) ROI was defined as 
an area with no Aβ staining and no significant 7F2 stain-
ing (Fig. 4a, right panel, bottom image). 2 high AD cases 
and 1 low AD case failed the quality control assessment 
and were removed from the data analysis. The remaining 
cases were analyzed using the NanoString GeoMx DSP 
Analysis Suite (Version 2.4.0.421).

First, we analyzed gene expression differences between 
different stages of ADNC. For this, spatial transcriptom-
ics data from 3 low AD cases (23 ROI per case), 4 Inter-
mediate AD cases (23 ROI per case), and 2 high AD cases 
(23 ROI per case) were compared to each other using a 
linear mixed model (LMM) to account for the sampling 
of multiple ROI segments per tissue. UMAP, a dimension 
reduction technique, was used to identify general pat-
terns in the data. UMAP data showed that low AD cases 
have significantly different gene expression compared 
to intermediate AD cases and high AD cases (Fig.  4b). 
The top 25 differentially expressed genes (DEG) in each 
comparison of ADNC are highlighted in the volcano 
plot (Fig.  4c). Compared to Low AD cases, intermedi-
ate AD cases exhibited upregulation in pathways such 
as integration of energy metabolism, cellular response to 
heat stress, and hemostasis. On the other hand, high AD 
cases showed increased activation of pathways related to 
developmental biology, cellular response to stress, and 
axon guidance. (Fig.  4c). When comparing intermediate 
AD and high AD cases, the extracellular matrix organi-
zation pathway is most upregulated in high AD cases, 
whereas the neuronal systems pathway exhibits the most 
profound downregulation in high AD cases compared to 
intermediate AD cases (Fig. 4c). Overall, these compari-
sons demonstrate that hemostasis, cellular response to 
stress, and neuronal system pathways are disrupted with 
increased severity of ADNC from low AD to high AD.

Next, we compared the spatial transcriptomic differ-
ence between the amyloid plaque microenvironment 
(NP ROI + non-NP ROI) and the control (no plaque) 
microenvironment (Control ROI) across all cases. DEG 
demonstrated several highly upregulated genes in the 
plaque microenvironment compared to control, includ-
ing caveolin-1(CAVIN1) [25], Histone Deacetylase 11 
(HDAC11), Frizzled class receptor 1 (FZD1), and mem-
brane-spanning 4-domains A1 (MS4A1) [42] among 
others (Fig.  5a). Among genes that were downregulated 
in the plaque microenvironment are VGF [3], Calcium-
dependent activator protein for secretion (CADPS2), and 

G Protein Subunit Gamma 2 (GNG2) (Fig.  5a). Of par-
ticular interest, CAVIN1, a cholesterol-binding mem-
brane protein, and VGF, a nerve growth factor, are shown 
to play an important role in AD pathogenesis [3, 25]. 
Top DEG in the amyloid plaque and control (no plaque) 
microenvironment are highlighted in the volcano plot 
(Fig. 5a) and also shown in the Additional file 1: Table 4. 
Pathway analysis between the control (no plaque) micro-
environment and Aβ plaque microenvironment (Non-NP 
and NP combined) revealed a significant downregulation 
of neuronal systems (adj p-value = 0.003), Ca-depend-
ent event (adj p-value = 0.003), and transmission across 
chemical synapses (adj p-value = 0.003) in the Aβ plaque 
microenvironment (Fig.  5c). This is consistent with 
prior studies showing the depletion of neuronal mark-
ers around Aβ plaques [80]. Bart De Strooper and col-
leagues showed that Aβ plaques induce expression of a 
set of genes, which they termed Plaque-induced genes 
(PIGs) [13] and a previous study by Keren-Shaul and col-
leagues has established a gene expression signature of 
microglia around Aβ plaques, termed Disease-associated 
microglia (DAM) [34]. We examined the distribution of 
PIG and DAM in our sample and found that most of the 
PIG and DAM genes are more distributed within the Aβ 
plaque microenvironment as compared to the control (no 
plaque) microenvironment (Fig. 5a). DAM and PIG lists 
are derived from the following papers [13, 34, 46].

Lastly, we compared the spatial transcriptomic changes 
between the NP and the non-NP microenvironment. For 
this analysis of gene expression differences between NP 
and non-NP, low AD cases were excluded due to lack of 
p-tau + NP. Prominent among the highly upregulated 
genes in the NP environment are synaptoporin (SYNPR), 
lymphocyte antigen 6 family member H (LY6H) [74], 
and brain abundant membrane attached signal protein 1 
(Basp1) [14]. The upregulation of the SYNPR gene in the 
NP microenvironment suggests that NP are pre-synaptic 
and axonal in origin (Fig. 6a). Top DEG in non-NP and 
NP microenvironments are highlighted/labeled in the 
plot (Fig. 6a) and also shown in Additional file 1: Table 5. 
PIG genes are equally distributed between non-NP and 
NP, but DAM markers are more distributed within NP 
microenvironment (Fig.  6a). Pathway analysis demon-
strated that neuronal systems (adj p-value = 0.006), trans-
mission across chemical synapses (adj p-value = 0.006), 
Ca-dependent event (adj p-value = 0.006), and MHC 
class II antigen presentation (adj p-value = 0.006) were 
significantly upregulated in the NP microenvironment 
compared to the non-NP microenvironment (Fig.  6c). 
Eukaryotic translation elongation (adj p-value = 0.006), 
influenza infection (adj p-value = 0.006), and viral mRNA 
translation (adj p-value = 0.006) were pathways showing 
downregulation in the NP microenvironment compared 
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Fig. 4  Spatial transcriptomic changes between different stages of ADNC. a Frontal cortex stained for amyloid plaque (green) and p-tau (red). NP 
and non-NP is determined by anti-tau antibody 7F2 positivity around the amyloid plaque. Amyloid plaque (green) with 7F2 positivity is considered 
NP. Amyloid plaque without 7F2 positivity is considered non-NP. Control is ROI without amyloid plaque. A total of 23 250- μm diameter ROI (10 
NP, 10 non-NP, and 3 control) were selected per sample. 12 brain samples – low AD (n = 4), intermediate AD (n = 4) and high AD (n = 4) were used. 
However, 1 low AD case and 2 high AD cases failed to pass the quality control for analysis. b UMAP dimension reduction of spatial transcriptomic 
changes in different ADNC and plaque types. The biggest transcriptomic changes are seen between stages of ADNC. c Volcano plot and pathway 
analysis of different stages of ADNC – Low AD vs. Intermediate AD, Low AD vs. High AD, and Intermediate AD vs. High AD. Left panel: Volcano 
plot and pathway analysis showing spatial transcriptomic differences between Low AD and Intermediate AD cases. Top 20 pathways that are 
upregulated in both Low AD and Intermediate AD microenvironment. The blue color represents pathways that are upregulated in Intermediate 
AD or downregulated in Low AD. The red color represents pathways that are upregulated in Low AD or downregulated in Intermediate AD. 
Integration of energy metabolism (adj p-value = 0.014), Cellular response to heat stress (adj p-value = 0.014), and Hemostasis (adj p-value = 0.024) 
are upregulated in Intermediate AD. Middle panel: Volcano plot and pathway analysis showing spatial transcriptomic differences between Low AD 
and High AD. Top 20 pathways that are upregulated in both Low AD and High AD microenvironments. The blue color represents pathways that are 
upregulated in High AD or downregulated in Low AD. The red color represents pathways that are upregulated in Low AD or downregulated in High 
AD. Developmental Biology (adj p-value = 0.003), Cellular response to stress (adj p-value = 0.003), and Axon guidance pathways (adj p-value = 0.003), 
are upregulated in High AD. Right panel: Volcano plot and pathway analysis showing spatial transcriptomic differences between Intermediate AD 
and High AD. Top 20 pathways that are upregulated in both Intermediate AD and High AD microenvironment. The blue color represents pathways 
that are upregulated in High AD or downregulated in Intermediate AD. The red color represents pathways that are upregulated in Intermediate AD 
or downregulated in High AD. Extracellular matrix organization (adj p-value = 0.005) is upregulated in High AD while, neuronal system pathway (adj 
p-value = 0.005), is upregulated in Intermediate AD
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to the non-NP microenvironment (Fig.  6c). A volcano 
plot highlighting genes in the neuronal systems pathway 
shows that most of the neuronal genes, such as synapto-
some- associated protein 25 (SNAP25), synaptotagmin 1 
(SYT1), and others were more upregulated around NP, 
while a few neuronal genes, such as myosin VI (MYO6) 
and glutamine synthase (GLUL) were downregulated 
around NP (Fig. 6b).

When comparing the control (no plaque) with non-
neuritic and neuritic microenvironments, neuronal 

system, Ca-dependent events, neurotransmission across 
chemical synapses, opioid signaling, etc. were downregu-
lated in the non-neuritic microenvironment, while those 
pathways were not altered in the neuritic plaque micro-
environment (Additional file  1: Supplementary  Fig.  3). 
The DEG and pathway comparison of non-NP and NP 
with control (no plaque) microenvironment is shown in 
Additional file 1: Supplementary Fig. 3.

When comparing and ranking gene expression 
changes in control (no plaque), the non-NP, and NP 

Fig. 5  Spatial transcriptomic analysis shows neuronal system and Ca-dependent event pathway is downregulated in amyloid plaque 
microenvironment. a Gene expression differences between control (no plaque microenvironment) and amyloid plaque (NP + non-NP) 
in volcano plot. Top 25 DEGs in both microenvironments that are above the set threshold (P-value = 0.05, log2 FC = 0.3) are highlighted/labelled. 
Plaque-induced Genes (PIGs) and Disease associated microglia (DAM) genes are more distributed towards amyloid plaque microenvironment. b 
Neuronal system related gene expression differences between control (no plaque microenvironment) and amyloid plaque (NP + non-NP) in volcano 
plot. Neuronal system related genes are downregulated in amyloid plaque microenvironment compared to control (no plaque) microenvironment. 
Top DEGs are labelled. P-value = 0.05, log2 FC = 0.2. c Top 20 Pathways of control (no plaque) and amyloid plaque microenvironment 
in postmortem brain sample. The blue color represents pathways that are upregulated in Control (no plaque) or downregulated in amyloid plaque 
microenvironment. Neuronal system (adj p-value = 0.003), Ca-dependent events (adj p-value = 0.003) and Transmission across Chemical Synapses 
pathway (adj p-value = 0.003) are more downregulated in amyloid plaque microenvironment
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microenvironments, the non-NP microenvironment 
shows the most pronounced downregulation of neu-
ronal system and Ca-dependent event pathways, followed 

by the NP microenvironment, and then the control (no 
plaque) microenvironment (Fig.  6a, b). These data may 
provide evidence for the hypothesis that DN around NP 

Fig. 6  Between non-NP and NP, neuronal system, transmission across chemical synapse, and Ca-dependent event pathway are upregulated in NP 
and downregulated in non-NP microenvironment. a Volcano plot shows non-NP and NP spatial transcriptomic differences. Low AD cases lack 
p-tau + NP and removed from the analysis. SYNPR is most upregulated in NP microenvironment suggesting NP are pre-synaptic and axonal in origin. 
Top 25 DEGs in both non-NP and NP microenvironments that are above the set threshold (P-value = 0.05, log2 FC = 0.2) are highlighted/labelled. b 
Volcano plot shows genes involved in neuronal system are more downregulated in non-NP microenvironment. GLUL and MYO6 were upregulated 
in non-NP and SNAP25 and SYT1 were upregulated in NP. Top DEGs are labelled. c Top 20 pathways that are upregulated in both non-NP and NP 
microenvironment. The blue color represents pathways that are upregulated in NP or downregulated in Non-NP. The red color represents pathway 
that are upregulated in Non-NP. Pathway analysis shows that Ca-dependent events (adj p-value = 0.006), Transmission across Chemical Synapses (adj 
p-value = 0.006), and Neuronal system (adj p-value = 0.006) are upregulated in NP and downregulated in non-NP

(See figure on next page.)
Fig. 7  Comparison of transcriptomic pathways between control, non-NP and NP. a Calcium-dependent events and b neuronal system related gene 
heatmap from NanoString DSP compared between control (no plaque) microenvironment, NP microenvironment, and non-NP microenvironment. 
Log2 change from mean shows non-NP microenvironment is most downregulated in both Calcium dependent genes and neuronal system genes, 
followed by NP microenvironment and then control. Sample size (n) = 6. c Spatial Decon algorithm derived from the NanoString DSP shows cell 
type proportion in control, NP and non-NP microenvironment



Page 14 of 20Tsering et al. Acta Neuropathologica Communications          (2023) 11:190 

Fig. 7  (See legend on previous page.)
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are a compensatory and regenerative mechanism to the 
neuronal injury posed by amyloid plaque. The failure to 
compensate and regenerate the neurons around amyloid 
plaque might be contributing to the formation of NP 
(Fig. 7).

Although NanoString GeoMx (Whole Transcriptome 
Atlas) DSP cannot reach single-cell level resolution, 
GeoMx WTA data can be integrated with single-cell data 
to predict the proportion of cell types. To achieve this, 
transcripts within the microenvironment (ROI) were 
deconvoluted into estimated mixed cell types using the 
NanoString human brain cell-profile library derived from 
their scRNA-seq experiment (GitHub—Nanostring-Bio-
stats/SpatialDecon). Spatial Deconvolution data showed 
that neuronal cells were relatively less abundant around 
the non-NP microenvironment compared to the NP 
microenvironment (Fig. 6c).

Discussion
In this study, we used postmortem human brain tis-
sue samples from the hippocampus, frontal cortex, and 
occipital cortex to assess the distribution of non-NP and 
NP in the progression of ADNC. Our data suggest that 
non-NP are being transformed into NP in the progres-
sion of ADNC, and NP tau might initiate the cortical 
spreading of NFT. Additionally, our spatial transcrip-
tomic analysis indicated that the NP microenvironment 
shows more profound upregulation of neuronal system 
and Ca-dependent events than non-NP, suggesting that 
NP might be a failed regeneration attempt and a compen-
satory mechanism.

Prior studies have examined the distribution of dif-
fuse plaques and dense-cored plaques in AD progression, 
but this is the first study that assesses the distribution 
of non-NP and NP during the progression of ADNC. In 
general, the non-NP count increased from low AD to 
intermediate AD and then stagnated in high AD cases, 
whereas the NP count increased from low AD over 
intermediate AD to high AD. The total plaque count 
(non-NP + NP) increased from low AD to intermedi-
ate AD and then plateaued. These data are suggestive of 
the notion that non-NP are transformed into NP dur-
ing the progression of ADNC and that this transforma-
tion is able to trigger cortical NFT formation (Additional 
file 1: Supplementary Fig. 4). Although our study is cross-
sectional and descriptive in nature, there is substantial 
evidence of non-neuritic to neuritic plaque transforma-
tion in animal studies using two-photon microscopy for 
live in  vivo imaging. In these studies the appearance of 
amyloid plaque deposition led to the selective forma-
tion of neuritic dystrophy [7, 10]. Interestingly, neuritic 
dystrophies were highly plastic, and some neuritic dys-
trophies can disappear or return to normalcy during the 

two-photon imaging window [7]. It has been shown that 
DN form sequentially in different layers in 5xFAD mice 
[64], an animal model of amyloid deposition; initial layers 
are formed by proteins related to autophagy and lysoso-
mal function, while outer layers are formed by the endo-
plasmic reticulum and late endosome related proteins 
[64, 65]. In general, APP, lamp1, and ubiquitin immuno-
reactive DN appear early in AD progression, while tau 
immunoreactive DN appear late [5, 6, 20, 22, 67, 78]. This 
temporal sequence of DN formation might suggest that 
early DN could be highly plastic and reversible, while 
late DN could be irreversible in AD progression. Future 
studies employing model systems that allow for track-
ing of individual Aβ plaque over time should investigate 
the precise mechanism of the transformation of non-NP 
into NP using different DN markers such as APP, Lamp1, 
ubiquitin, and p-tau.

Although two-photon imaging studies in animal mod-
els discussed above demonstrated non-neuritic to neu-
ritic plaque transformation, other animal studies argued 
for independent evolvement of different Aβ morphol-
ogy subtypes. The inoculation of distinct Aβ strains or 
conformers into host transgenic models showed that 
different Aβ morphology subtypes arise from differ-
ent populations of Aβ strains or conformers [48, 76, 77]. 
These studies favor the idea that distinct Aβ strains com-
pete and dominate each other during the progression of 
AD, rather than the transformation of one Aβ morphol-
ogy subtype over another.

There are a few hypotheses about DN/NP forma-
tion. The three major hypotheses are that (1) extracel-
lular Aβ causes axonal dystrophy, (2) intracellular Aβ 
causes dystrophic neurites through autophagy and lyso-
somal disruption, and (3) p-tau + droplet degeneration-
mediated ferroptosis leads to NP formation. The first 
hypothesis is based on Aβ oligomer studies suggesting 
the exogenous application of Aβ oligomers in cell cul-
ture models resulted in beaded neurites with disruption 
in microtubules and axonal transport [2, 57, 61]. The 
second hypothesis postulates that Aβ /APP fragments 
accumulate in the lysosome and autophagic vesicles, and 
the failure of autolysosomal digestion of Aβ/APP frag-
ments distorts the plasma membrane, forming flower-
like neuritic dystrophy [17, 38, 55]. The third hypothesis 
proposed that iron overload in the brain leads to ferrop-
tosis, a type of cell death due to iron overload. Ferroptosis 
causes the release of p-tau and iron into the extracellu-
lar space, which is encased by Aβ deposition (as a pro-
tective mechanism), leading to neuritic dystrophy [41, 
66]. Our study didn’t address the mechanistic underpin-
nings of DN/NP formation. However, we observed that 
DN in the hippocampus shows a different morphology 
than in cortical regions. Taken together with our finding 
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that the NP/NFT ratio follows distinct trajectories in 
the hippocampus and cortical regions, it is tempting to 
speculate that different mechanisms of DN/NP formation 
(hypothesis 1,2,3) could occur simultaneously or sequen-
tially in the same or different brain regions.

Another critical, yet unanswered, question in AD 
pathophysiology is how Aβ plaques interact with or trig-
ger neuronal tauopathy. Studies over the years have sug-
gested that Aβ plaques synergistically accelerate and 
increase tau aggregation and propagation [1, 4, 51, 58]. 
However, the mechanisms behind this proposed Aβ 
plaque-tau interaction are still unknown. One possible 
mechanism that links Aβ plaques and tau aggregation 
is DN/NP formation [61]. Prior animal model studies 
suggest that Aβ plaque facilitates tau accumulation by 
translocating hyperphosphorylated tau in axonal dys-
trophy to the  soma, forming NFT [30]. Our data sup-
port the notion of brain region- specific differences in 
NP tau mediated facilitation of NFT formation. In hip-
pocampal subregions and the entorhinal cortex, NP tau 
does not appear to facilitate NFT formation; instead, 
NFT are formed before NP in the progression of ADNC. 
Ghoshal et  al. examined tau conformational changes in 
37 clinically staged cases, and suggest that NFT precedes 
the appearance of NP in hippocampal regions [26]. On 
the contrary, NP formation preceded NFT formation in 
cortical regions, such as the frontal cortex and occipital 
cortex, suggesting that NP might be initiating the corti-
cal spread of NFT. A previous neuroimaging study sug-
gested that regional Aβ plaque-tau interaction in the 
ITG promoted the onset and acceleration of tau spread-
ing [39]. Therefore, NP might be the pivotal factor that 
drives the spread of tau in cortical regions after local Aβ 
plaque and tau interaction in the ITG. Although highly 
speculative, we propose that age-related hippocampal/
medial temporal lobe (MTL) tau inclusions are a prereq-
uisite for AD pathogenesis, such that Aβ plaques enable 
the spread of hippocampus/MTL tau inclusions into the 
cortical regions via DN. In the absence of age-related hip-
pocampus/MTL tau inclusions, Aβ plaques fail to trigger 
tauopathy in cortical regions and patients hence develop-
ing resilience. This is evident in pathological aging, where 
elderly subjects with abundant Aβ plaque pathology but 
no significant NFT pathology do not show obvious cog-
nitive decline [19]. It has been shown that cortical NFT 
and NP have a higher correlation with cognitive decline 
and are more associated with the clinical picture of AD 
[52, 53]. Therefore, DN /NP might be the key interface 
between Aβ plaque and tau that exerts a clinical picture 
of AD.

Our spatial transcriptomic data show that the Aβ 
plaque microenvironment exhibits a downregulation of 
neuronal system and Ca-dependent events compared 

to the control microenvironment. Previous studies have 
demonstrated that dendrites, axons, and neuronal mark-
ers are less abundant around Aβ plaques [35, 80], thus 
suggesting Aβ plaques as space-consuming entities that 
can create a localized “mass effect” [73]. However, the 
exact reason for the lack of neuronal markers around Aβ 
plaques is a matter of intense discussion. For example, 
Aβ is suggested to be toxic to neurons in many in vitro 
experiments [33, 63], but these experiments used high 
concentrations of Aβ that are probably not physiologi-
cally relevant.

Interestingly, among morphological subtypes of Aβ 
plaques, the non-NP microenvironment showed the 
most profound downregulation of neuronal system and 
Ca-dependent events pathways compared to NP and 
control microenvironments. Our data provide evidence 
to speculate that the DN around NP might be a regen-
erative attempt by neurons whose regenerative failure 
exacerbates the axonal transport and mislocalized axonal 
proteins, such as APP and tau. The view that DN forma-
tion represents the result of regenerative failure has been 
previously described [18, 73]. In general, central nervous 
system (CNS) axons have limited regeneration capac-
ity compared to peripheral nervous system (PNS). Dur-
ing CNS axonal injury, microglia, astrocytes, and other 
immune cells infiltrate the lesion site and release extra-
cellular matrix components (ECM) that form a glial scar 
[71]. Inhibitory ECMs can limit axonal growth and thus 
restrict CNS regenerative processes [11, 24]. Although 
our data suggest a regenerative failure, we only exam-
ined transcriptomic changes, and it will be important 
to correlate our findings with changes in the proteome, 
as transcriptomic changes do not always correlate with 
proteomic changes, which has major implications for 
mechanistic interpretations of the data. The observed 
upregulation of neuronal systems and Ca-dependent 
events pathways around NP could represent a compensa-
tory mechanism, whereby the loss of neurons around NP 
triggers upregulation of related transcripts to compen-
sate for the loss.

Neuroinflammation is another important facet of AD, 
along with Aβ plaques and NFT. Microglia activation is 
the most significant mediator of neuroinflammation in 
AD [59, 60]. The exact role of microglia either as neuro-
protective or detrimental in AD pathophysiology is still 
elusive. Single-cell RNA seq and spatial transcriptomic 
studies of the AD mouse model showed that certain 
microglia genes are highly expressed/upregulated around 
amyloid plaques [34, 80]. However, those studies didn’t 
differentiate between different morphological subtypes of 
Aβ plaques such as diffuse plaques, dense-core plaques, 
and neuritic plaques. Prior studies showed that microglia 
are more clustered and activated around NP compared to 
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diffuse non-neuritic plaque [28, 44, 47, 54]. As expected, 
our study showed that DAM genes are more distributed 
around the NP microenvironment compared to non-
NP. SPP1 is the most upregulated DAM gene in the NP 
microenvironment. Pathway analysis of non-NP and 
NP showed that MHC class II antigen presentation was 
significantly upregulated in the NP microenvironment 
compared to the non-NP microenvironment. These data 
support the notion that activated microglia are intimately 
associated with the transformation of non-NP to NP.

There are several limitations of our study. Our study is 
correlational and the progression of ADNC is extrapo-
lated from different individual brains at different time 
points. To truly observe the proposed transformation 
of non-NP into NP, a single Aβ plaque would have to be 
tracked in vivo over a long period of time. The sample size 
for our spatial transcriptomic study is low due to techni-
cal limitations, but our data correlate well with available 
whole-tissue and single-cell transcriptomic studies. Our 
study only examined the transcriptomic changes in the 
control, non-NP and NP microenvironment. Future stud-
ies comparing transcriptomic and proteomic changes will 
be required to paint a more holistic picture of the local 
microenvironment around different morphological sub-
types of Aβ plaques.
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