
Alzheimer’s disease/dementia-associated brain pathology in 
aging DPP6-KO mice

Lin Lin1,*, Ronald S. Petralia2,*, Lynne Holtzclaw1, Ya-Xian Wang2, Daniel Abebe1, Dax A. 
Hoffman1

1Molecular Neurophysiology and Biophysics Section, Program in Developmental Neuroscience, 
Eunice Kennedy Shriver National Institute of Child Health and Human Development,

2Advanced Imaging Core, National Institute on Deafness and Other Communication Disorders, 
National Institutes of Health, Bethesda, MD 20892, USA.

Abstract

We have previously reported that the single transmembrane protein Dipeptidyl Peptidase Like 6 

(DPP6) impacts neuronal and synaptic development. DPP6-KO mice are impaired in hippocampal-

dependent learning and memory and exhibit smaller brain size. Recently, we have described 

novel structures in hippocampal area CA1 in aging mice, apparently derived from degenerating 

presynaptic terminals, that are significantly more prevalent in DPP6-KO mice compared to 

WT mice of the same age and that these structures were observed earlier in development 

in DPP6-KO mice. These novel structures appear as clusters of large puncta that colocalize 

NeuN, synaptophysin, and chromogranin A, and also partially label for MAP2, amyloid β, APP, 

α-synuclein, and phosphorylated tau, with synapsin-1 and VGluT1 labeling on their periphery. 

In this current study, using immunofluorescence and electron microscopy, we confirm that both 

APP and amyloid β are prevalent in these structures; and we show with immunofluorescence the 

presence of similar structures in humans with Alzheimer’s disease. Here we also found evidence 

that aging DPP6-KO mutants show additional changes related to Alzheimer’s disease. We used 

in vivo MRI to show reduced size of the DPP6-KO brain and hippocampus. Aging DPP6-KO 

hippocampi contained fewer total neurons and greater neuron death and had diagnostic biomarkers 

of Alzheimer’s disease present including accumulation of amyloid β and APP and increase in 

expression of hyper-phosphorylated tau. The amyloid β and phosphorylated tau pathologies were 

associated with neuroinflammation characterized by increases in microglia and astrocytes. And 
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levels of proinflammatory or anti-inflammatory cytokines increased in aging DPP6-KO mice. We 

finally show that aging DPP6-KO mice display circadian dysfunction, a common symptom of 

Alzheimer’s disease. Together these results indicate that aging DPP6-KO mice show symptoms of 

enhanced neurodegeneration reminiscent of dementia associated with a novel structure resulting 

from synapse loss and neuronal death. This study continues our laboratory’s work in discerning 

the function of DPP6 and here provides compelling evidence of a direct role of DPP6 in 

Alzheimer’s disease.
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INTRODUCTION

We have reported that DPP6, a single transmembrane protein that is highly expressed in 

the hippocampal regions of the brain (Strop et al., 2004; Lin et al., 2014; Malloy et al., 

2022), plays a novel role to impact neuronal and synaptic development (Lin et al., 2013), in 

addition to its previously described role as an auxiliary subunit of the Kv4 of voltage-gated 

K+ channels (Nadal et al., 2003), impacting neuronal excitability and plasticity (Hoffman 

et al., 1997; Sun et al., 2011). Recently we have discovered a novel NeuN+ structure 

in hippocampal region CA1 in aging mice that is significantly more prevalent in aging 

DPP6-KO mice compared to WT. The novel structures appear as clusters of large puncta that 

are abnormal presynaptic swellings and associate with a number of markers for aging and 

Alzheimer’s disease (AD) (Lin et al., 2020; Malloy et al., 2022).

AD is a degenerative brain disease characterized by memory impairment and cognitive 

decline that can affect behavior, speech, visuospatial orientation, motor functions, and 

circadian rhythms (DeTure and Dickson, 2019; Egger et al., 2014). It is the most common 

form of dementia, and it may be mixed with other causes of dementia such as vascular 

dementia and Lewy body dementia (DeTure and Dickson, 2019). The brain of an AD patient 

often shows moderate cortical atrophy and decreased brain weight, and there is loss of 

synapses and neurons, but these changes are not specific to AD (DeTure and Dickson, 

2019). Dominantly inherited familial AD is rare but may be caused by mutations in amyloid 

precursor protein (APP) or presenilin. Aging is the most common risk factor for AD, 

and a number of genetic risk factors have been implicated, such as the apolipoprotein E 

gene (DeTure and Dickson, 2019). AD is caused by complex brain changes following cell 

damage. It leads to dementia symptoms that gradually worsen over time (Caselli et al., 

2017; Schultz et al., 2004). Diagnostic hallmarks include the abnormal accumulation of 

extracellular amyloid-β peptide (Aβ, amyloid plaques), intracellular neurofibrillary tangles 

composed of phosphorylated tau (phospho-tau), and neuronal loss. Autopsy studies show 

that most people with AD develop substantial Aβ amyloid plaques and phospho-tau tangles 

in the brain as they age (Gouras et al., 2000; Gyure et al., 2001). Amyloid plaques can be 

diffuse or dense core, with the latter sometimes associated with tau-positive or dystrophic 

neurites that can be labeled with various synaptic markers including APP (DeTure and 
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Dickson, 2019). Those with a dense core may be surrounded by an accumulation of 

APP with phospho-tau and presynaptic proteins, all presumably derived from presynaptic 

terminals (Jorda-Siquier et al., 2022). Aβ and phospho-tau pathologies are associated with 

neuroinflammation characterized by activation of microglia and astrocytes and elevated 

levels of proinflammatory cytokines (Osborn et al., 2016; Spanic et al., 2019).

The DPP6 gene, which is from the 7q36 locus, has been reported to be associated with 

numerous intellectual and neurodevelopmental disorders (Marshall et al., 2008; Liao et 

al., 2013; Egger et al., 2014; Bock et al., 2016; Prontera et al., 2014; Noor et al., 2010; 

Maussion et al., 2017; Rahman et al., 2019; Naujock et al., 2020; Zhang et al., 2021; 

Liu et al., 2020). 7q36 first was identified as a novel locus for AD by Rademakers et al. 

(Rademakers et al., 2005); they noted the presence of the DPP6 gene at the locus although 

the involvement of DPP6 in AD was not clear in this early study. Cacace et al. reported in 

2019 that DPP6 is involved in dementia with enhanced rare variants and nonsense mutations, 

and in early onset AD and frontotemporal dementia (FTD) with frameshift and missense 

mutations (Cacace et al., 2019). They also found evidence for reductions in DPP6 RNA and 

protein in the brain from patients that carry rare DPP6 missense variants. Overall, they found 

that the reduction of DPP6 expression and function can have a high impact in dementia, 

although the association of DPP6 and dementia is not clear in all cases (Kirola et al., 2021; 

Cacace et al., 2021). Another report found a specific late reduction of DPP6 in the olfactory 

bulb in AD patients who were diagnosed with advanced progression as per NIA-AA criteria, 

and where neuritic tangles were found in the olfactory bulb at this stage (Zelaya et al., 2015; 

Jack et al., 2012 for NIA-AA criteria).

In this study, we characterized changes in cell architecture and proteins associated with 

aging in the hippocampus of DPP6-KO mice. We found hippocampi of aging DPP6-KO 

mice to be smaller than WT in in vivo MRI studies, with signs of neuronal loss and 

atrophy, and immunocytochemical and biochemical evidence for an increase in phospho-tau 

proteins and greater gliosis. We also found Aβ amyloid and amyloid-precursor protein 

(APP) associated with the clusters of large NeuN+-labeled puncta; furthermore, we found 

evidence of similar clusters of NeuN+ puncta in the CA1-hippocampus region in human 

donors with AD. Our findings demonstrate that DPP6, in addition to its effects on early 

synapse development, appears to be important for the maintenance of synaptic function 

during aging, as its loss leads to learning and memory deficits associated with physical and 

biochemical markers for dementia. Overall, this study builds on our previous work on DPP6 

in synaptic function in development, especially as related to potassium channels, and further 

develops the important role of DPP6 in neuronal and synaptic function in late aging that we 

first described in Lin et al. (2020). Here we extend these studies to provide for the first time, 

a strong link between DPP6 and AD.

MATERIALS AND METHODS

Animals

WT and DPP6-KO mice were genotyped by PCR after being weaned at 21 day old. WT 

background was C5BL/6, as it was for DPP6-KO mice. Mice were housed under a 12-h 

light/dark cycle with the lights turned off at 18:00. All animal procedures were performed 
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in accordance with NIH guidelines that were approved by the National Institute of Child 

Health and Human Development Animal Care and Use Committee.

Human brain tissue

The human brain sections, which included the CA1 hippocampal region, were obtained from 

the NIH NeuroBioBank, and included brains from 4 patients with AD and 4 controls. Donor 

1 (S10727) was a 64-year-old male with AD - Braak stage V/VI (post-mortem interval 

(PMI): 8.5 hours)); donor 2 (3566) was a 74-year-old female with late onset AD (Braak 

stage not recorded; PMI: 11.92 hours); donor 3 (94517) was a 74-year-old male with late 

onset AD - Braak stage VI (PMI: 6.25 hours); donor 4 (S14331) was a 74-year-old male 

with AD, Braak and Braak tangle stage VI/VI with a high probability of dementia due 

to AD (PMI: 22 hours); donor 5 (S12545) was a 69-year-old male with neurofibrillary 

degeneration and mild atherosclerosis and arteriosclerosis, and served as a control (PMI: 

18.43 hours); donor 6 (6280) was a 65-year-old male (PMI: 23 hours); donor 7 (S11774) 

was a 74-year-old male (PMI: 15 hours); donor 8 (S16640) was a 70-year-old male (PMI: 

15 hours); donors 6–8 served as controls since neuropathological assessment revealed 

no neuropathology diagnosis. Quality of sections, fixation, and labeling varied somewhat 

among donors, likely due to the inherent problem of using human tissue, since it only can be 

fixed after substantial PMIs.

Electron microscopy

Hippocampi were prepared for transmission electron microscope (TEM) study as described 

previously (Li et al., 2017; Lin et al., 2020). Briefly, 12-month-old WT and DPP6-KO 

mice were fixed and embedded in epon. Thin sections (60 nm) were examined in a JEOL 

JEM2100 TEM (Peabody, MA). Images were taken from 2 WT and 2 KO mice. To quantify 

invaginating structures at synapses, we counted 3 categories. The first, “spine invaginations,” 

included any type of invaginating structure in a presynaptic terminal forming a synapse 

with a postsynaptic spine in the image. The second, “two-terminal invaginations,” included 

invaginations in which clusters of presynaptic vesicles were found on both processes that 

invaginated with each other, indicating that both are derived from presynaptic terminals. 

These included a subset of counts from the first category of “spine invaginations’” as well as 

cases in which neither of the two invaginating processes could be traced to a spine synapse 

within the image. Finally, a third category, “total invaginations,” included all invaginating 

synapses that were counted in either or both of the first two categories, as well as any other 

kinds of terminal invaginations in which the processes were not traced to a synapse on a 

spine visible in the image.

Mouse hippocampi used for postembedding immunogold localization were prepared as 

described previously (Petralia et al., 2010; Sun et al., 2011; Lin et al., 2018; Lin et al., 2020; 

Petralia and Wang, 2021). Briefly, 12-month-old WT and DPP6-KO mice were fixed and 

brains were frozen in a Leica EM CPC (Vienna, Austria), and embedded in Lowicryl resin 

in a Leica AFS freeze-substitution instrument. Thin sections were labeled with primary 

antibodies and then incubated with immunogold-conjugated secondary antibodies (Ted 

Pella, Redding, CA, USA) and stained with uranyl acetate and lead citrate. For double-
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immunogold labeling, we incubated the 2 primary antibodies together (same for the 2 

secondary immunogold antibodies).

Two mice each from WT and DPP6-KO were studied for NeuN (1:35, rabbit, 

MilliporeSigma) and NeuN (1:35 or 1:50, mouse, Millipore) antibodies, and for antibodies 

to APP (1:7 or 1:25, rabbit, Abcam) and Aβ-amyloid (1:7, mouse, BioLegend). NeuN 

immunogold labeling was studied in double labeling with APP or Aβ. As noted in Lin et 

al., 2020, additional immunogold studies with antibodies to AT8 (1:25, mouse, Thermo 

Fisher), Tau3C (1:50, mouse, Thermo Fisher), and another synaptophysin (1:7, SP15, 

mouse, MilliporeSigma) produced only rare (background) gold labeling; these were used 

as controls for the immunogold technique. NeuN+ swellings were difficult to find because 

of their scattered distribution. APP at 1:25 was used for quantitative immunogold studies 

of synapses in the CA1 neuropil. Double labeling with APP (1:7; rabbit) and NeuN (1:35: 

mouse) or with Aβ (1:7; mouse) and NeuN (1:35: rabbit) was used to study distribution in 

the NeuN+ swellings.

Live mouse MRI procedures

Magnetic Resonance Imaging (MRI) was performed in the Mouse Imaging Facility (MIF) 

at NIH. Ten-month-old mouse was placed under general anesthesia in an induction chamber 

with an oxygen-enhanced air gas mixture containing 3–5% isoflurane. After anesthesia 

was induced (indicated by loss of righting reflex, decreased respiratory rate and non-

responsiveness to gentle toe pinch of the hind limb with finger and thumb), the mouse 

was placed either supine or prone on a plastic cradle. The isoflurane was reduced to 1–2%, 

and the animals were maintained via nose cone. Isoflurane was scavenged using an in-house 

anesthetic gas vacuum scavenging system. Subcutaneous 0.9% saline (~0.5–1.0 ml/25 g 

mouse IP, SC) was given to maintain hydration. Sterile ophthalmic ointment was applied to 

the corneas to prevent desiccation under anesthesia.

The head of the anesthetized mouse was restrained in a plastic head-holder consisting 

of a bite bar and nosecone in a configuration similar to commercial stereotaxic devices. 

Blunt-tipped earpieces (coated with 2% lidocaine gel) were used as needed and were 

applied by trained personnel. A pressure transducer for respiratory detection was placed 

on the abdomen. Lightly adhesive tape (3M Transpore) was used as needed to stabilize the 

position of the animal. A fiber optic or standard temperature probe was placed rectally. To 

maintain body temperature, a circulating warm water pad was placed around the cradle. 

Some custom cradles had circulating warm water in the animal platform. Alternatively, a 

warm air blower was placed at the magnet bore. If needed, conductive leads were placed 

for the detection of the Electrocardiogram (ECG); a pulse oximeter was used optionally. 

The respiration waveform and rate (and ECG) were read on a computer monitoring/

gating system. Respiration and temperature were monitored throughout the experiment for 

maintenance of anesthesia. MRI was performed for up to 3 h; typical scans were 30–90 min.

For survival studies, the mouse recovered in a clean cage or transport box on a circulating 

warm water heating pad. It was visually monitored until awake and ambulatory. Animals 

were transported back to their home facility in NIH-approved transport boxes or were 

housed overnight in the MIF.
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Cytokine Array

Mouse bleeds were collected in EDTA-treated tubes. These tubes were centrifuged at 1000 × 

g for 10 min at 4°C within 30 minutes of blood collection, and the supernatant (plasma) was 

collected immediately and flash frozen. Plasma diluted 1:2 was used to detect cytokines and 

chemokines by use of the 31-Plex Cytokine/Chemokine array (Eve Technologies).

Immunofluorescence in mouse and human sections

Mice were perfused with 4% paraformaldehyde (PFA) in PBS and then equilibrated in 

30% sucrose for 24 h. A series of floating 30 μm or frozen 7 μm coronal sections were 

taken from a Bregma range of −1.955 to −2.095 mm. 3–5 mice were examined and 

similar number of sections, up to 4 per animal, were used in each IF experiment. Then, 

samples were incubated with the primary antibody at 4°C overnight and then for 1 h at RT 

with fluorescent probe-conjugated secondary antibodies. Nuclei were labeled with DAPI. 

For human hippocampal sections, we performed antigen retrieval (AR) where slides were 

immersed into the antigen retrieval buffer (10 mM Sodium Citrate, pH 6.0). The buffer was 

heated on a hot plate or water bath to 95–100°C, and slides were immersed into the solution 

for 10 min. Then the buffer was allowed to cool to room temperature for 20 min and the 

slides were removed and we proceeded immediately with the blocking step, not allowing the 

slides to dry out. The permeabilization/blocking buffer was 0.3% TritonX-100+1% normal 

goat serum in 1x PBS. Then sections were incubated overnight with the primary antibody 

at 4°C following by the fluorescent probe-conjugated secondary antibodies as on the mouse 

brain sections. Immunofluorescence (IF)-labeled slides were imaged using either a Zeiss 710 

or 880 confocal microscope, while entire brain section or just the hippocampus was scanned 

with a Carl Zeiss AxioScan.Z1 slide scanner, which had a 20× objective (Plan-Apochromat, 

NA 0.8) and a Colibri7 LED illumination source.

IF intensity and surface area measurements were taken and analyzed in ImageJ. Areas of 

either all brain sections, hippocampi or somas in the image were measured by using the 

computer mouse to draw along the area, and then measuring the surface area and mean 

intensity of the area. To measure the number of microglia or astrocytes by ImageJ, first we 

traced the CA1 area (entire CA1 plus the molecular layer of the dentate gyrus) to get the 

total surface area, then set up a threshold to measure the number of cell bodies, then divided 

by the total surface area. To measure the size of microglia or astrocytes, we measured 

the surface area of microglia or astrocytes by changing the threshold to include the cell 

processes, and then comparing the thresholded image to the raw image to make sure that 

each surface area measurement was from a single cell. Statistical analyses were performed 

using GraphPad Prism 9 by Student’s t-test.

H&E and Bielschowsky staining

H&E staining: The unstained slides were deparaffinized in xylene, then hydrated through 

graded alcohols, 50 ml of 100% EtOH 2 times, 95% EtOH 1 time, 70% EtOH 1 time, and 

50% EtOH 1 time, and then placed in running cold tap water to rinse. Then they were 

put in Carazzi’s hematoxylin, washed in tap water, and then put in one change of 95% 

ethanol. From there they were put in eosin-phloxine solution, and then run through graded 

alcohols to xylene. After xylene, the stained slides were coverslipped using Permount as 
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the mounting media. Bielschowsky staining: The unstained slides were deparaffinized in 

xylene, then hydrated through graded alcohols up to water. Then they were rinsed well 

in distilled water before being transferred to silver nitrate. Slides were then transferred to 

distilled water. After distilled water, the slides were placed in an ammoniacal silver solution 

for developing. Slides were washed in ammonium hydroxide, then washed in distilled water, 

and placed in sodium thiosulfate. Slides were rinsed in distilled water before being run 

through graded alcohols to xylene. After xylene, the stained slides were coverslipped using 

Permount as the mounting media.

Tissue lysates and Western blots

Twelve-month old C57BL/6 WT and DPP6-KO mouse hippocampi were removed and 

lysed in lysis buffer (NaCl 150 mM, Tris-HCl 20 mM, 1% CHAPS (Sigma)): we added 

1 tablet of Complete mini protease inhibitor cocktail, EDTA-free (Millipore Sigma) to 

10 ml of basic lysis buffer, and 1x Halt Protease Inhibitor Cocktail (100x) (Thermo 

Scientific), and incubated for 20 min on ice, then sonicated 5 times for 5 s each. The 

lysate was centrifuged at 15,000x g for 20 min at 4°C, and the protein concentration 

of the lysate was measured by the Pierce™ BCA assay (Thermo Fisher). Equal amounts 

of protein were separated by electrophoresis on NuPAGE™ 10% Bis-Tris or 3–8% Tris-

Acetate gels (Thermo Fisher) and transferred to PVDF membranes. The separated proteins 

were immunoblotted using APP, beta-Amyloid, alpha-Synuclein, P19ARF, and Actin-beta 

antibodies (please see the antibodies list for dilutions) and visualized by Alexa Fluor 

680 secondary antibody (1:10,000, Invitrogen) and Alexa Fluor 800 secondary antibody 

(1:5,000, Rockland). Immunoreactivity was detected with the Odyssey infrared imaging 

system (LI-COR Biosciences, Lincoln, NE). Quantification of results was performed using 

Odyssey software (LI-CORBiosciences).

Antibodies

Name Species Company Catalog# IHC WB

Actin-beta Mouse Sigma A-1978 1:10,000

Actin-beta Rabbit Abcam Ab-8227 1:8000

Amyloid Precursor Protein Rabbit Abcam ab32136 1:500 1:10,000

beta-Amyloid 1–16 Mouse BioLegend 803001 1:1000

beta-Amyloid 1–42 Rabbit MilliporeSigma Ab5078P 1:400 1:1000

alpha-Synuclein Rabbit Novus NBP2-15365 1:400 1:1000

Cleaved Caspase-3 (CC3) Rabbit Abcam Ab2302 1:500

DPP6 Rabbit Abcam ab41811 1:2000

GFAP Rabbit DAKO Z033429-2 1:2000 1:10,000

Iba1 (ICC IHC) Rabbit Wako 019-19741 1:800

MAP-2 Mouse Millipore MAB-3418 1:500

MAP-2 Rabbit Millipore Ab-5622 1:500

NeuN Mouse Millipore MAB377 1:1000 1:5000

NeuN Rabbit MilliporeSigma ABN78 1:500
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Name Species Company Catalog# IHC WB

P19ARF Rabbit Thermo Fisher PA1-30670 1:100 1:1000

Synaptophysin Mouse Sigma S-5768 1:500

Synaptophysin (SP15) Mouse MilliporeSigma MAB239 For EM

Tau-5 Mouse Biosource AHB-0042 1:100 1:2000

TauC3 (cleaved Asp421+422) mouse Thermo Fisher AHB0061 1:200 1:2000

PHF-Tau at Thr231 (AT180) Mouse Thermo Fisher MN1040 1:200 1:2000

PHF-Tau at Ser 202+Thr205 (AT8) Mouse Thermo Fisher MN1020 1:300 1:2000

Home Cage task

Locomotor activity-monitoring in a familiar environment was assessed over 6 days 

in individual home cages under normal vivarium conditioning via the photocell-based 

Photobeam Activity System version 2 (San Diego Instruments, San Diego, CA, USA). 

In this study, using 12-month-old WT and DPP6-KO mice, we performed the same 24-

hour continuous locomotor activity monitoring in the home cage for 6 consecutive days. 

We used the Photobeam Activity System-Home Cage, in which locomotor activity is 

measured by quantifying the number of beam breaks during 24 hrs/6 days. It provided three 

measurements. One was Ambulation movement (XA+YA), which measures when the animal 

is breaking different beams. The second was Fine movement (XF+YF), which indicates 

that the animal is not moving and is repeatedly breaking the same beam. The third is Rear 

activity, when the animal is climbing.

Statistical analysis

The n values and details of controls and comparisons used for statistical analyses are 

described for each experiment in the corresponding figure legends or within the Results 

section. Statistical analyses were performed using GraphPad Prism 9. We used Student’s 

t-test or two-way ANOVA with Tukey’s multiple comparisons. All results are presented as 

the mean±SEM.

RESULTS

Aging DPP6-KO mice lose hippocampal volume with neurodegeneration

Our previous studies found that adult DPP6-KO mice have problems in hippocampal 

synaptic development (Lin et al., 2013) and impaired memory and recognition and learning 

behaviors along with microcephaly (Lin et al., 2018). We found that DPP6-KO mice have 

significantly lower body and brain weight compared to WT, from early ages up to 6 months 

old. Following these findings, we sought to characterize aging DPP6-KO mice.

First, we examined WT versus DPP6-KO mice up to 12 months of age. This is considered 

middle age in WT mice when they show significant changes in behavior compared to 

younger mice (Shoji et al., 2016). We found that 12-month-old DPP6-KO mice have 

significantly lower body (Fig. 1A,B, p <0.0001) and brain weight (Fig. 1C,D, p <0.0001) 

compared to WT despite our confirmation that DPP6-KO mice have normal feeding 
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behavior, which was assessed by measuring the intake of food (data not shown - mice 

were put in a new cage and the amount of food left weighed every day at the same time for 

7 days, checking for pellets left in the bedding). This is consistent with the trend shown in 

younger DPP6-KO mice where body weight was found to be significantly lower than WT 

from 1–6 months and brain weight at 3 and 6 months (Two-way ANOVA, p <0.0001 in both 

body and brain weight) (Lin et al., 2018).

Previous studies have shown that hippocampal volume changes over time, and this has 

the potential to be a marker for AD and dementia subtypes (Vijayakumar A, Vijayakumar, 

2013; Vermunt et al., 2018; den et al., 2010; Schuff et al., 2009; Maruszak A, Thuret S, 

2014). Here we performed in vivo MRI scans of live, aging DPP6-KO mouse brains using 

a 9.4T MRI scanner system for small animal studies (Bruker, Germany). Two measurements 

were calculated to assess the volume of the mouse brain: absolute volume was measured 

in mm3 and relative volume was measured as a percentage of the total brain volume. We 

found decreased total brain volume in aging DPP6-KO compared with WT (Fig. 1E,F, p 
<0.001). Both absolute and relative volume of the hippocampal region were decreased in 

the mutant (Fig. 1G left: absolute volume p <0.0001; right: relative volume p <0.0001). 

These data are consistent with the decrease in brain weight (Fig. 1D, Lin et al., 2018). 

We performed immunofluorescence (IF) staining for the neuronal marker NeuN to test if 

the cause of the smaller volume of the hippocampus was due to a reduction in the total 

number and/or size of neurons. We found that the mean intensity of NeuN in hippocampus 

was lower in 12-month-old DPP6-KO mice brain sections (Fig. 1H,I, p <0.01) than in WT. 

Neuronal soma labeling was less intense in the DPP6-KO. DAPI-colabeling to identify 

the neuronal nuclei also appeared to be less intense in the DPP6-KO sections compared 

to WT. IF with the apoptosis marker cleaved caspase 3 (CC3) showed greater labeling 

in the hippocampal region, especially in CA3 stratum pyramidale. We also found that the 

intensity of DAPI was significantly decreased in CA1 and CA3 stratum pyramidale, and 

NeuN intensity was significantly decreased in CA3 stratum pyramidale (data not shown) in 

12-month-old DPP6-KO mice compared to WT (Fig. 1J,K), suggesting more cell death. We 

performed IF with NeuN and MAP2 to study neuronal morphology in hippocampal CA1 

of 12-month DPP6-KO mice (4 sections per animal; Fig. 1L). In general, these neurons 

showed shrunken and abnormal somas, determined by measuring the soma surface area 

in the CA1 stratum pyramidale (Fig. 1M, p <0.0001), and had fewer or more abnormal 

apical dendrites compared to WT, showing a lower intensity of MAP2 in the CA1 stratum 

radiatum (Fig. 1N, p <0.01). Apical dendrites had an irregular shape compared to a straight 

profile in the WT. These results suggest that there is a decrease in the number of pyramidal 

neurons in DPP6-KO, paralleled by an increase in apoptosis causing a decrease brain size 

and hippocampal volume.

APP accumulation in presynaptic terminals is associated with increased invaginations and 
with the novel NeuN+ swellings in aging DPP6-KO mice

Since it appears that the NeuN+ swellings in the CA1 region at 12 months are derived 

from presynaptic terminals (Lin et al., 2020), the ultrastructure of definitive presynaptic 

terminals in the neuropil of the CA1 stratum radiatum was examined with TEM to determine 

if presynaptic terminals, especially those making synaptic contacts with dendritic spines in 
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the DPP6-KO show any modifications from WT. Both WT and DPP6-KO mice showed 

structures typical of presynaptic terminals including clusters of synaptic vesicles and 

mitochondria (Petralia et al., 2014) (Fig. 2A). Also, invaginating structures were common 

in presynaptic terminals of spine synapses of both WT and mutant. The profiles of these 

structures in the image were generally elongated and contained a diffuse matrix surrounded 

by a distinct double-membrane. Such invaginating structures may be derived from the 

postsynaptic spine, adjacent presynaptic terminal, or glial process; they can contribute 

to synapse development, maintenance, and plasticity, and can be especially elaborate in 

synapses mediating rapid signal integration (Petralia et al., 2015, 2018, 2021). Many of these 

also contained a cluster of vesicles identical to the synaptic vesicles within the terminal, 

and so appear to be derived from adjacent presynaptic terminals (Fig. 2A). Furthermore, 

often the section-profiles of these invaginations were continuous with adjacent terminals, 

so that the two adjacent terminal-profiles appeared to be intertwined; examples of the latter 

were seen both when the postsynaptic spine was in the section (arrows in Fig. 2A) and 

in other examples when only the two adjacent terminals were present in the section (not 

shown). In contrast to invaginations that could be traced definitively to adjacent presynaptic 

terminals, none of the other invaginations (e.g., lower left arrow in Fig. 2Ac) could be 

traced definitively in the section profiles to the spines or glial processes. This suggests 

that invaginations are derived most commonly from adjacent presynaptic terminals. An 

interesting exception here is seen in Figure 2Aa, in which one of the invaginating processes 

projects directly from a large dendrite and the terminal projects also into the dendrite.

Quantification showed that these invaginating structures in terminals, including those that 

could be identified as being derived from adjacent terminals, were more prevalent in 

the DPP6-KO compared to WT (Fig. 2C, p <0.001). We then examined differences in 

immunogold localization of the presynaptic terminal protein, APP (Laßek et al., 2013; 

Weingarten et al., 2017), in the neuropil of the CA1 of WT and mutant. Note that in 

most cases, the reduction of quality of ultrastructure due to the preparation techniques 

for immunogold localization made it difficult to identify the invaginating structures noted 

above. In comparison, immunogold labeling for APP was prevalent in presynaptic terminals; 

in most images taken of the CA1 neuropil, all gold particles in identifiable structures 

were in presynaptic terminals (Fig. 2C). Quantification of the gold labeling for APP in 

the neuropil showed that labeling is higher in the DPP6-KO than in the WT (Fig. 2D, p 
<0.0001). Gold-labeling in a separate study also confirmed that APP is present in the NeuN+ 

swellings from two DPP6-KO mice (Fig. 2E+F, G); gold labeling for APP was scattered 

throughout the swelling and including some prominent labeling in the outer portions of the 

NeuN+ swellings. This corresponded with IF of the NeuN+ large puncta showing some 

colocalization with small puncta for APP, most commonly in the outer portions of the 

NeuN+ puncta (Fig. 2G inset; also as noted in Lin et al., 2020). To confirm that APP is 

higher in the DPP6-KO than in the WT, we performed IF to label APP in 12-month-old brain 

sections, and we found that the APP intensity in DPP6-KO hippocampus was significantly 

higher than in WT (Fig. 2H,I, p <0.05). We also found higher protein levels of APP in 

the DPP6-KO compared to WT in Western blot (Fig. 2J,K, p<0.01). Thus, the increase in 

APP in the DPP6-KO hippocampus was corroborated with three different methods; and we 
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identify at least two significant changes in the presynaptic terminals in the 12-month mutant: 

increased terminal-terminal invaginations and increased APP.

Amyloid accumulation in CA1 hippocampus of aging DPP6-KO mice

Given increased APP in DPP6-KO mice, we performed IF staining for Aβ in brain sections 

of 12-month-old mice using the well-characterized Aβ antibody (803001, BioLegend). As 

for APP, we found that the intensity of Aβ in the CA1 of the hippocampus was higher in 

DPP6-KO than in WT mice (Fig. 3A–C). Labeling in the neuropil of the stratum radiatum 

consisted of numerous, irregular puncta and some small somas (Fig. 3A) and there also 

were accumulations of labeling in cytoplasm of neurons of the stratum pyramidale (Fig. 

3B). There was more abundant labeling overall in the hippocampus in the DPP6-KO than 

in the WT (Fig. 3C, p <0.001). We examined the Aβ protein expression in hippocampal 

total lysate. Our western blots showed that Aβ exists in multiple forms including both 

low and relatively high molecular-weight forms. We found higher expression of all forms 

in hippocampal lysate in 12-month-old DPP6-KO mice compared to WT (Fig. 3D,E, p 
<0.001). These results indicate that there is a higher accumulation of Aβ in DPP6-KO mice 

and that this may be important pathologically in AD. Note that, in contrast to humans, 

normal aging WT mice do not develop Aβ plaques, likely due to differences in the Aβ 
sequence between rodent and human (Kitazawa, et al., 2012; Dyrks, et al., 1993). We also 

have never seen the typical Aβ plaques in the aging WT or DPP6-KO mice labeled with 

the Aβ antibody, nor were any Aβ plaques detected using Bielschowsky staining (data not 

shown). IF of the NeuN+ large puncta showed some colocalization with small puncta of 

Aβ (Fig. 3F, as noted in Lin et al., 2020). Sometimes IF for Aβ colocalized substantially 

with NeuN (right image in Fig. 3F). This overlapping distribution was now confirmed 

with EM-immunogold of the NeuN+ swellings; Aβ immunogold labeling in some cases 

colocalized substantially with that of NeuN in swellings (Fig. 3G).

Aβ accumulations in the hippocampus of 12-month-old DPP6-KO mice were associated 

with microglia (Fig. 4A–C) and astrocytes (Fig. 4D–F). Labeling for Aβ was within the 

microglial somas and scattered along the Iba1-labeled microglial processes as numerous 

punctate structures, consistent with the internal location of Aβ in microglia shown by Sos 

et al. (Sos et al., 2020). These structures probably correspond to the irregular Aβ-labeled 

puncta and small somas seen in Figure 3A. In contrast to Aβ-labeling associated with glial 

markers, labeling for Aβ did not associate closely with most apical dendrites labeled for 

MAP2 (CA1 stratum radiatum; Fig. 4G–I). Little labeling for Aβ was found in the CA1 

pyramidal neuron somas and apical dendrites in 12-month-old WT and DPP6-KO mice 

(Fig. 4G–I) but labeling in apical dendrites was seen occasionally in 8-week-old WT and 

DPP6-KO mice (Fig. 4J–L). Note also that the MAP2-labeled dendrites appeared more 

irregular and dysmorphic in the 12-month-old DPP6-KO mice compared to 12-month-old 

WT mice and 8-week-old WT and DPP6-KO mice. Labeling for Aβ also was found in some 

interneurons (Fig. 4I–L). Thus, the overall trend in the CA1 region of the hippocampus 

was a large increase in labeling in small irregular patches in the neuropil of 12-month-old 

DPP6-KO mice, mainly associated with glia, while there was a decrease in labeling for Aβ 
in the neuronal somas and apical dendrites in both WT and DPP6-KO mice at 12 months 

compared to 8 weeks.
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Increased Hyper-phosphorylated tau accompanies neurodegeneration in aged DPP6-KO 
mice

To determine hyper-phosphorylated tau expression level in aging DPP6-KO mice, we 

performed western blot analysis of hippocampal tissue total lysate. The results showed 

that AT8, AT180 and cleaved-tau expression levels are significantly increased in DPP6-KO 

mice compared to WT (Fig. 5A–B: p <0.01–0.001, n = 6–8 for WT and KO each). 

Also, in IF staining for AT8 in aged WT and DPP6-KO mice brain sections (Fig. 5C), 

we found that the intensity of AT8 is higher in the hippocampus of DPP6-KO mice 

compared to WT (Fig. 5D, p <0.001). In the WT, low labeling was found in some apical 

dendrites of the stratum radiatum; in contrast, in DPP6-KO mice, the AT8 labeling is 

not concentrated in the major dendrites as found in the WT but is much more abundant 

and spread out in an irregular branching pattern; this presumably is due to tau filament 

formation and the corresponding microtubule dysfunction (Fig. 5C). IF labeling with MAP2 

showed an opposite pattern to the AT8, i.e., MAP2 was abundant and distinctive in apical 

dendrites and associated neuropil of cortex and hippocampus in the aging WT and much 

reduced in the dendrites in DPP6-KO (Fig. 5E–H). We also found that protein levels of 

α-synuclein and P19ARF in the DPP6-KO hippocampal tissue lysate were significantly 

increased compared to WT (Fig. 5I,J, α-synuclein n = 5, p<0.05, n = 5; Fig. 5K,L, P19ARF 

n=5, p <0.0001). α-synuclein accumulation is linked to several neurodegenerative diseases 

including Parkinson’s disease, dementia with Lewy bodies, and multiple system atrophy 

(Bernal-Conde et al., 2020), and P19ARF is a marker of aging and cellular senescence 

(Cheng et al., 2017; Wagner and Wagner, 2022). These results suggest that DPP6 helps to 

stabilize neuronal structure/function. Accordingly, we found previously (Lin et al., 2013, 

2018) that there are fewer synapses in adult DPP6-KO mice (8 weeks old) and these are less 

functional compared to WT. It may be that in the aging mice (12 months), lack of DPP6 

further destabilizes dysfunctional synapses in the aging brain, leading to an aberrant increase 

in tau phosphorylation and neuronal injury.

Aging DPP6-KO mice show enhanced neuroinflammation

Given that neuroinflammation is associated with AD and other neurodegenerative disorders, 

we examined neuroinflammation in aging DPP6-KO mice. We first measured the expression 

levels of astrocytes and microglia in brain sections, and then measured the levels of 

proinflammatory or anti-inflammatory cytokines in the blood serum of aged DPP6 KO mice. 

Figure 6A–C shows the IF staining for GFAP in astrocytes in 12-month WT and DPP6-KO 

mice brains. There was higher labeling for GFAP in DPP6-KO mice in whole brain (Fig. 

6A) and in the hippocampus (Fig. 6B). Astrocytes were increased in size and number 

compared to WT (Fig. 6C, p <0.0001 in size and p <0.05 in number). Figure 6D,E shows 

the IF staining of Iba1 for microglia in hippocampus (Fig. 6D), with enlarged microglia and 

higher intensity in DPP6-KO mice compared to WT in brain and hippocampus (Fig. 6E, p 
<0.01). Microglia were increased in size and number compared to WT (Fig. 6E, p <0.0001 

in both size and number). We also performed IF staining in sections from 8-week WT and 

DPP6-KO mice to determine whether there was inflammation in younger adults. We found 

that there were no significant differences in the intensities of either GFAP or Iba1 in 8-week 

WT and DPP6-KO brain sections (p >0.05 for either GFAP or Iba1, data not shown).
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We also found GFAP+ astrocyte processes (Fig. 6F) and Iba1+ microglial processes (Fig. 

6G) surrounding the newly described NeuN+ swellings. Astrocyte processes often formed 

ring-like structures directly contiguous with the outer border of some of the NeuN+ 

structures (Fig. 6F). Astrocytes seem to make more intimate and prevalent contacts with the 

novel NeuN+ puncta than microglia; this may reflect distinctive roles played by astrocytes 

versus microglia in clearing Aβ and other degeneration-associated material (Mulder et al., 

2014).

Next, we detected inflammation by measuring the proinflammatory or anti-inflammatory 

cytokines in mouse blood serum with Cytokine Array / Chemokine Array. We found that 

the levels of IL-1, IL-2, IL-6, MCP-1(Monocyte chemotactic protein 1), and MIP-1β 
(Macrophage inflammatory protein-1β, known as CCL4) were significantly increased in 

DPP6-KO mice compared to WT (Fig. 6H–L) (Griffin et al., 1989; Eriksson et al., 2011; 

Brosseron et al., 2014; Bauer et al., 1991; Verite et al., 2017; Zhu et al., 2014), but not in 

8-week adults (data not shown). Increases in some cytokines have been described also in 

humans with AD (Brosseron et al., 2014; Zheng et al., 2016). These results indicate that 

aging DPP6-KO mice show neuroinflammation that may be involved in the pathogenesis of 

neuronal injury and death leading to progressive dementia.

Similar novel NeuN+ labeled structures are found in hippocampal CA1 of AD donors

As in aging mice, labeling for NeuN in the CA1 of the human hippocampus (Fig. 7) 

was prominent in some pyramidal neuron somas and apical dendrites in brains from both 

control and AD donors. There also were some NeuN+, irregular remains of more degenerate 

neurons seen in the AD brains (Fig. 7D,K); and DAPI labeling revealed some unusual 

clusters of cells (Fig. 7E). We looked for the novel NeuN+ structures that we had found in 

the aging mice CA1; the pattern was not clear, but we did find some clusters that appear to 

represent similar NeuN+ structures in both control (Fig. 7F,H) and AD (Fig. 7G,I) human 

brains. These structures had partial to full colocalization with synaptophysin, suggesting that 

they represent the same kind of clusters (Fig. 7H,I) as noted in mice. The NeuN+ clusters 

of puncta appeared to be a little more common overall in the AD compared to the control 

human brains, but numbers were too small to quantify and they were notably less common 

than the clusters seen in aging mice in our studies (Lin et al. 2020 and this study). Also, 

as described for the aging mice, Aβ was seen in some accumulations that overlapped partly 

with some NeuN labeling; in the human, these overlaps are seen in Aβ plaques (Fig. 7J). 

MAP2 labeling in these donors was not as prominent in pyramidal neuron apical dendrites 

(Fig. 7K,L) as that seen in aging mice and had a more scattered and irregular distribution. 

Examples also were seen of labeling with DAPI+NeuN+MAP2 in a small cluster of irregular 

somas and cell processes (Fig. 7K) and colocalization of MAP2 with NeuN in the NeuN+ 

clusters of puncta (Fig. 7L) as described in aging mice (Lin et al., 2020).

Aging DPP6-KO mice have circadian rhythm disruption as determined by home-cage 
locomotor activity

Since the structural and IF labelling data suggested enhanced neurodegeneration in 

aging DPP6-KO mice, we used a common behavioral assay indicative of progressive 

neurodegeneration, analysis of circadian rhythms (Lin et al., 2018). This disruption has 
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been associated with many of the indicators of AD, such as increased Aβ, tau pathologies, 

and neuroinflammation (Homolak et al., 2018; Hoogendijk et al., 1996; Weldemichael et al., 

2010), similar to what we have described here in the hippocampus and overall in the brain of 

aging DPP6-KO mice. These disruptions in circadian rhythms in patients with AD involve a 

reduction in scale invariance of activity patterns, with a disruption in the rest-activity cycle. 

There typically is a disruption of normal sleep patterns, i.e., patients are more active at night 

and sleep is fragmented with frequent awakenings. There is a reduction in total melatonin 

and loss of its normal secretion rhythm. And there can be alterations in periodic changes 

in core body temperature (Videnovic et al., 2014, Musiek and Holtzman, 2016, Uddin et 

al., 2020). While pathological disruption of circadian rhythms likely involves pathologies 

of control centers in the hypothalamus, direct disruption of clock mechanisms within the 

hippocampus itself also have been implicated (Videnovic et al., 2014).

We have previously published a study on locomotor activity in 8-week old DPP6-KO using 

the home cage test; we found that locomotor activity was not significantly different between 

WT and DPP6-KO mice either in light-on or light-off conditions (Lin et al., 2018). In 

contrast, the current results showed that 12-month DPP6-KO mice have increased locomotor 

activity compared to WT mice in Ambulation and Fine movements (Fig. 8A; Two-way 

ANOVA, p < 0.05 and p < 0.01) but not in Rear movement (Fig. 8A; Two-way ANOVA, 

p >0.05) during the light-on phase. There was no significant increase during the light-off 

phase for all three movements (Fig. 8A; Two-way ANOVA, p > 0.05). When light-on and 

light-off times were pooled, the activities from Fine movement of DPP6-KO mice were still 

significantly increased compared to WT groups (Fig. 8B, Student’s t-test, p < 0.05), but 

no differences in Ambulation movement and Rear movement were seen (Fig. 8B; Student’s 

t-test, p > 0.05).

We then compared the hourly activities at the same time of light-on and light-off in the 

three movements (Fig. 8C). KO mice showed hyperactivity relative to WT throughout much 

of the light period (beginning and end) and the middle of the dark period but showed less 

activity during times when it peaked in WT mice at the start and end of the dark period. 

The latter is expected in WT mice, since mice are nocturnal, showing greater activity at 

night than in the day (Refinetti 2004; Angelakos et al., 2017). Thus, the normal circadian 

rhythm pattern of mice appears to be disrupted in the DPP6-KO. Especially, there are 

periods of abnormally high activity during the day and middle of the night that may be 

similar to increased wake periods in disruption of the rest-activity cycle/circadian rhythms 

in humans with AD (Nagele et al., 2003; Weldemichael and Grossberg, 2010; Vijayakumar 

and Vijayakumar, 2013; Zhou et al., 1998). It is also interesting that the mouse model of 

AD, 5xFAD, exhibits hyperactivity (Oblak et al., 2021). This hyperactivity might explain 

the lower body weight in DPP6-KO mice despite normal feeding behavior. Significant 

hyperactivity also was seen in 8-week DPP6-KO mice with open field test (although not 

with home-cage locomotor activity) and they also showed lower body weight despite normal 

feeding behavior at that age (Lin et al., 2018). Lower body weight could also be related 

to a possible link between DPP6 and diabetes (Dusaulcy et al., 2019), and DPP6 may 

have other yet unknown effects on metabolism. While specific effects on circadian rhythms 

would be expected to be different between the normally nocturnal mice and diurnal human, 
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these findings of general rest-activity disruption suggest that aging DPP6-KO mice exhibit 

behavioral changes that have been linked to AD.

DISCUSSION

Here we found evidence that aging DPP6-KO mice show changes related to AD/dementia; 

specifically, based on the current work in conjunction with our previous studies, DPP6-KO 

mice approximate and enhance AD-associated pathology over an aging time course. The 

new findings of the current study include the following. Aging DPP6-KO brains and 

hippocampi were reduced in size, as shown with in vivo MRI, and as noted in dementia 

(Vijayakumar and Vijayakumar, 2013). DPP6-KO hippocampi contained smaller and fewer 

neurons with less NeuN labeling, and had diagnostic biomarkers of AD present in the 

associated neuropil, including accumulation of Aβ and increase in expression of hyper-

phosphorylated tau (Homolak et al., 2018; Jones et al., 2013). Changes studied at synapses 

include increased APP and presynaptic invaginations. Astrocytes and microglia increased in 

size and number and showed close associations with Aβ in the aging DPP6-KO mice as 

known for AD (Osborn et al., 2016; Ries and Sastre, 2016; Spanic et al., 2019). Levels of 

proinflammatory or anti-inflammatory cytokines increased also in aging DPP6-KO mice as 

shown for AD (Brosseron et al., 2014; Osborn et al., 2016; Zheng et al., 2016; Spanic et al., 

2019). We also showed that aging DPP6-KO mice display circadian dysfunction, a common 

symptom of AD (Musiek et al., 2015). As discussed in the Introduction, DPP6 already has 

been linked to dementia in several studies (Rademakers et al., 2005; Zelaya et al., 2015; 

Cacace et al., 2019). Thus, our study supports a role of the mutation or loss of DPP6 in at 

least some forms of dementia.

The substantial increases in size and number of astroglial and microglial processes that we 

describe here in the aging DPP6-KO mice are consistent with findings for AD/dementia, in 

which both astrocytes and microglia increase in activation and number and are attracted to 

accumulations of amyloid plaques and fibrils and dystrophic neurons (Osborn et al., 2016; 

Ries and Sastre, 2016; Spanic et al., 2019). This is consistent with astroglial ingestion of Aβ 
and associated degenerate material (Nagele et al., 2003; Jones et al., 2013). Glia can ingest 

and remove degeneration debris, although dysregulation of the glia may lead to increased, 

abnormal accumulations of this material. In particular, activation of microglia may change 

with development (Floden and Combs, 2011) and depends also on the state of the amyloid, 

i.e., monomers vs. protofibrils vs. fibrils, with protofibrils producing the greatest stimulation 

of microglia (Paranjape et al., 2012).

Here we also provide new data on the novel clusters of large, NeuN+ puncta that we 

described previously (Lin et al., 2020). These structures appear in 3-month old DPP6-KO 

mice (but not WT) and are better developed in 12-month old KO mice compared to WT. 

We had shown then that these structures could be identified with NeuN labeling and fully 

colocalized with synaptophysin and chromogranin A; they also partially labeled for MAP2, 

Aβ, APP, α-synuclein, and phospho-tau, and with synapsin-1 and VGluT1 labeling on their 

periphery. We confirmed in that study that most of these structures are aberrant, swollen 

presynaptic terminals, utilizing EM including immunogold labeling. Here now we combined 

IF with EM-immunogold labeling to confirm that both APP and Aβ are prevalent in these 
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structures; and we showed with immunofluorescence the presence of similar structures in 

aging humans with AD as well as in the control human brains. The presence of some of 

these novel clusters of NeuN+ puncta in the human donors was expected because possible 

corresponding, aberrant swollen presynaptic terminals have been mentioned by others (Terry 

et al., 1963; Zhou et al., 1998), as discussed in Lin et al. (2020). These new data thus 

reaffirm our contention that these novel structures are a typical structure in the aging brain 

and that they are enhanced in dementia, at least when associated with the loss of DPP6. The 

apparent abundance of these novel structures in aging mice, both in WT and to a greater 

extent in the DPP6-KO (Lin et al., 2020 and this study), compared to humans might indicate 

that they play a greater role in neurodegenerative diseases such as dementia in the aging 

mouse brain.

Differences in Aβ and phospho-tau between WT and DPP6-KO resemble differences 
described with aging in hippocampal CA1

There were distinctive and opposite changes in labeling for NeuN and MAP2 versus Aβ and 

the phospho-tau protein, AT8, in the CA1 region of the hippocampus, between the aging WT 

and DPP6-KO mice. Thus, labeling in the pyramidal neuron somas and apical dendrites for 

NeuN and MAP2 was strong in the 12-month-old WT and notably lower in the DPP6-KO; 

and the labeling pattern indicates a reduction in size and number of these structures in 

the KO. In a dramatically opposite pattern, Aβ and AT8 labeling in the 12-month-old 

mice revealed relatively few, weakly-labeled somas and apical dendrites within the stratum 

radiatum in the WT and showed strong labeling of irregular puncta throughout this area in 

the KO. This pattern is consistent with the model for progressive degeneration of the CA1 

apical dendrites in aging as may occur with AD, described by Takahashi et al. (Takahashi 

et al., 2013). Thus, the apical dendrites initially are robust and have abundant MAP2 and 

only traces of Aβ and phospho-tau. Then, as aging progresses, MAP2 in these dendrites 

is reduced and Aβ and phospho-tau also accumulate, forming irregular structures derived 

partly from the degeneration of the apical dendrites. In AD, Aβ oligomers may accumulate 

both intra- and extracellularly in/around the dendrites and spine synapses, and have direct 

effects on synapse function, while the abnormally phosphorylated tau migrates from axons 

to the somas, dendrites and spines, also affecting synaptic function (Forner et al., 2017, 

2019; Mijalkov et al., 2021). These data suggest that KO of DPP6 may result in similar 

changes in the CA1 as found in the degeneration accompanying AD or related forms of 

dementia. Note however, that the small, irregular puncta seen with Aβ and AT8-phospho 

tau labeling in the 12-month DPP6-KO are widespread throughout the radiatum, and do not 

form into large plaque deposits as seen in the CA1 of a 10-month-old 5xFAD AD model 

mouse (Lin et al., 2020). This could mean that the differences between WT and DPP6-KO at 

12 months is comparable to early and middle stages in development of AD/dementia, but it 

more likely reflects distinct differences in aging/neurodegeneration in mice versus humans. 

With the current evidence, and lack of senile Aß plaques found in these mice, it can be 

said at best that DPP6-KO mice approximate and enhance AD-associated pathology over an 

aging time course.

These findings also are consistent with earlier studies of DPP6-KO mice, where DPP6 

mutants show negative effects on neuronal and synaptic development and function and mice 
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show behavioral/learning deficits (Lin et al., 2013, 2014, 2018). For example, EM studies 

revealed that synaptic spines and their postsynaptic densities in the CA1 stratum radiatum 

are smaller in the young adult DPP6-KO mice compared to WT (Lin et al., 2018). And brain 

weight in these mice is significantly lower in the KO versus WT at both 3 and 6 months 

old (but not at P0) (Lin et al., 2018). Overall, this suggests that loss of DPP6 can cause 

learning deficits via direct functional defects in the hippocampus that start early in adult life 

and eventually lead to enhancement of neurodegenerative diseases such as dementia in old 

age.

DPP6 supports normal synaptic function and suppresses neurodegeneration

As we have noted, DPP6 regulates dendrite excitability in the CA1 hippocampus because 

it functions as an auxiliary unit to Kv4.2 potassium channels of synapses; its absence has 

profound effects on the expression and responsiveness of A-type potassium channel currents 

(Sun et al., 2011). While most functional studies of Kv4.2 concentrate on the postsynaptic 

molecules, this channel also is found in the presynaptic terminal and is trafficked there along 

the axon (Bellotti et al., 2021). DPP6 may also affect neuronal function independent of 

Kv4.2; it interacts with filopodial myosin and extracellular fibronectin (Lin et al., 2013), and 

it also binds to Kv4.3 (Ma et al., 2022), which has a different normal distribution pattern 

compared to Kv4.2 (Serôdio et al., 1998; Burkhalter et al., 2006). Two-month-old mice 

lacking DPP6 show altered synaptic structure and function, and impairment of recognition, 

learning and memory (Lin et al., 2018). Twelve month-old mice show increases in numbers 

and prevalence of novel NeuN-positive structures in the hippocampal CA1 that contain 

neurodegenerative proteins such as amyloid beta and phospho-tau; these structures are 

aberrant swollen presynaptic terminals in this region, which also shows other signs of 

increased neurodegeneration (Lin et al., 2018). Now in the present study, we provide 

more definitive data on the changes in this region of 12-month-old mice lacking DPP6, 

including reduction of hippocampal volume, increased apoptosis, increases in amyloid 

beta and phospho-tau deposits, increased APP in synapses and associated increases in 

synaptic invaginations, as well as disrupted circadian rhythm. We have not yet studied 

other behavioral changes in the 12-month-old DPP6-KO, but we expect that learning and 

memory deficits are at least as bad and likely worse than those seen in the 2-month-old KO. 

Thus, these series of studies have established that DPP6 is important to supporting normal 

potassium channel function at synapses and its absence leads to several different synaptic 

abnormalities and signs of neurodegeneration throughout this region of the hippocampus; 

and this is linked to significant problems in learning and memory.

Direct changes detected in synapses in mice lacking DPP6 include increased APP 

in synapses and associated increases in synaptic invaginations. While changes in the 

presynaptic membrane with increased APP have not been studied in rodents, a number 

of other changes in synapses have been reported (Lee et al., 2010; Wang et al., 2012). 

Overexpression of APP generally causes increases in mammalian spine synapses, although 

there is a decrease in both cerebral cortex and CA1 in 12-month old APP-overexpressing 

mice (Lee et al., 2010), similar to the findings for the DPP6 mutant described here. Also, 

18-month-old mutant mice that express a modified APP show increased surface area of 

inhibitory axo-axonic terminals on CA1 pyramidal neuron-axon initial segments (Sos et al., 
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2020). Interestingly, in Drosophila, there is a dramatic increase in the presynaptic membrane 

in neuromuscular junctions via budding when an APP homolog is overexpressed (Torroja 

et al., 1999). A similar budding of the presynaptic membrane would explain the increase 

in intertwining invaginations of adjacent terminals in the DPP6 mutant mouse as described 

here. It is not known if the increased invaginations would adversely affect the synaptic 

function, but given the involvement of invaginations in synapse function and plasticity, we 

would expect that the dynamics of synapse function would be altered (Petralia et al., 2015, 

2018, 2021).

But does loss of DPP6 play a direct role in the development of AD and related forms 

of dementia? As we have noted in the Introduction, there is good genetic evidence of an 

association of DPP6 and AD (Cacace et al., 2019; Rademakers et al., 2005). However, 

no link was found between DPP6 and AD in a European American population (Kirola 

et al., 2021); but these authors (Kirola et al., 2021) do point out the limitations of their 

study in light of the findings of Cacace et al. (Cacace et al., 2019, 2021) including the 

latter’s identification of carriers of missense variants in some patients, alterations in protein 

structure by missense mutations, and presence of some intronic structural variants (Kirola 

et al. only examined exonic regions). Another factor that complicates interpretations of 

our findings in DPP6-KO mice in relation to AD is the differences in manifestation of 

neurodegenerative diseases in the mice versus human, i.e., DPP6-KO mice have more 

abundant NeuN+-swellings, but these swellings are uncommon in human AD, and mice 

apparently lack the amyloid beta plaques found in humans. However, we also found 

previously that the NeuN+swellings are more abundant in the AD/plaque-containing mouse 

model compared to WT (Lin et al., 2020).

The key to the connection between DPP6 and its associated potassium channels and AD is 

likely in the synapse. There is an enormous body of literature linking potassium channels 

with AD (Villa et al., 2020). For example, amyloid beta can modulate various kinds of 

potassium channels in the hippocampus (Mayordomo-Cava et al., 2015). APP is prevalent 

in presynaptic terminals (Laßek et al., 2013; Weingarten et al., 2017), and as shown here, 

increases in the DPP6-KO. Also, small quantities of amyloid beta in the normal brain may 

help to mediate synaptic plasticity of learning and memory, and amyloid beta may only 

become pathological when homeostatic control in the synapse is disrupted (Puzzo et al., 

2012; Parihar and Brewer, 2010; Lee et al., 2014; Ricciarelli et al., 2014). But perhaps 

the most direct link between DPP6 and AD is through cellular prion proteins, which are 

prevalent in the normal brain, and are found at hippocampal synapses (Godsave et al., 2015). 

Cellular prion proteins act as amyloid beta-oligomer receptors, and are mediators of synaptic 

dysfunction via amyloid beta-oligomers (Laurén et al., 2009; Um and Strittmatter, 2013). 

And similar to prion proteins, propagation and aggregation of amyloid beta, as well as 

phospho-tau and α-synuclein, may proceed via a seeding/nucleation, prion-like mechanism 

(Soto et al., 2018; Zhang et al., 2021), perhaps instigated by the initial small molecular 

disruptions of homeostasis at the synapse.

Most interestingly, DPP6 is a prion protein interactor, and modulation of Kv4.2 potassium 

channels by prion proteins is mediated by DPP6 (Mercer et al., 2013). But lack of DPP6 

may also affect synapses independent of potassium channels through interactions with 
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filopodial myosins and extracellular fibronectin, affecting synapse and filopodia formation 

(Lin et al., 2013). In some cases, fibronectin can induce amyloid beta deposition (Howe et 

al., 2018; Maas et al., 2008), so perhaps lack of DPP6 disrupts fibronectin organization in 

the local synaptic environment, and this affects amyloid deposition. Also, at least one type 

of myosin is involved in processing of APP/amyloid beta (Argellati et al., 2009). The direct 

link between abnormal amyloid beta aggregation associated with synapses and accumulation 

of phospho-tau is not clear, but a number of studies support phospho-tau induction via 

amyloid beta (Forner et al., 2017), and evidence suggests that the amyloid beta aggregation 

at synapses induces this tauopathy (Wu et al., 2018); again this neurodegeneration pattern of 

AD and other diseases may all depend on homeostasis at the synapse (Forner et al., 2017, 

2019; Mijalkov et al., 2021; Parihar and Brewer, 2010). So, it is possible that abnormal 

synaptic structure/function due to the absence of DPP6, and perhaps including potassium 

channel dysfunction and also the dis-regulation of prion proteins, promotes the formation/

accumulation of amyloid beta and other changes that can lead to neurodegenerative diseases 

such as AD.

The complexity of associations of DPP6 with other proteins, especially at synapses, makes 

it difficult to isolate specific roles that DPP6 plays in AD. The molecular complex of DPP6 

and Kv4.2 likely includes other dipeptidyl aminopeptidase-like proteins such as DPP10, 

as well as K+ channel interacting proteins (KChIPs) (Kitazawa et al., 2015). Within these 

complexes, DPP6 and DPP10 may form heterodimers, based on high structural identity and 

in vitro studies (Ren et al., 2005; Bezerra et al., 2015; Kitazawa et al., 2015). Notably, like 

DPP6, DPP10 is associated with AD and other neurodegenerative diseases (McNicholas et 

al., 2009; Chen et al., 2014) and is found in hippocampal neurons (Wang et al., 2014). 

Future studies will determine if DPP10 is affected in the DPP6-KO; if it is a common 

associate in a complex with DPP6 and Kv4.2, then the loss of DPP6 could affect the levels 

of DPP10 and perhaps adversely affect the function of the potassium channel complexes and 

lead directly to some of the changes that we see in the DPP6-KO.

Limitations of the study and future directions

There are some specific limitations of this research that we hope to resolve in future studies. 

First, we were not able to determine the localization and associations of DPP6 in specific 

structures in the brains of aging mice; we need to obtain or develop DPP6 antibodies that 

work well for IF. We were not able to identify changes in DPP6 and associated proteins in 

the human donors with AD. For this we will need to obtain frozen, unfixed human donor 

tissues to study the role of DPP6 in AD using immunoblots and coIPs. We also have not 

looked at aging in related KOs, such as Kv4.2 and DPP10-KO mice.

In addition, the value of any gene loss studies may be compromised by the use of traditional/

global/full KO models (Teng et al., 2013; El-Brolosy and Stainier, 2017). Such deletions 

will likely affect an animal in development, including embryonic, immature, young adult, 

as well as in aging. Developing successful KOs to study aging is difficult, as they often 

result in embryonic lethality or other problems in early development. A common problem 

with full KO models is the compensation of a deleted protein by related proteins (El-Brolosy 

and Stainier, 2017), such as we discussed above for possible dimers of DPP6 and DPP10. 
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Some of these problems may be averted by developing alternative methods such as gene 

knockdown, or a conditional KO model that targets selected tissues or particular times in 

development (El-Brolosy and Stainier, 2017; Pons et al., 2021).

Current work in our lab on the role of DPP6 in aging and AD includes continuing studies 

of the brains of human donors with AD, more in vivo studies such as EEG to study sleep 

disorders and seizures in the aging KO mice, in vivo injection of AAV-DPP6 to study 

rescue of its function including behavioral changes. In addition, our study has identified 

novel NeuN+ structures in aging mice, and we want to determine if these structures are 

native biomarkers of aging and dementia in mice instead of the Aβ plaques seen in human 

conditions. How do these structures form during development? How can their formation be 

inhibited, and the aging brain rescued from their effects?

In conclusion, the current study continues the extensive work of this laboratory to discern 

the nature of DPP6 function in the brain. Now that we have provided compelling evidence 

of a role of DPP6 in AD and other neurodegenerative disorders, we will continue to explore 

the function of DPP6 and its associated proteins in greater depth, during development and 

into old age, in mice and in humans. Hopefully, this research on the relation of DPP6 with 

AD will yield data that impact on clinical studies leading to treatments of AD and other 

neurodegenerative disorders.
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Highlights:

• Aging DPP6-KO mice show reduced hippocampal volume as found in AD

• Hyperphosphorylated tau and amyloid accumulate in aging DPP6-KO mice

• APP accumulation in presynaptic terminals is associated with increased 

invaginations

• Neuroinflammation with increased cytokines and astroglia/microglia in 

DPP6-KO

• Similar novel NeuN-labeled structures are found in hippocampal CA1 of AD 

donors
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Figure 1. DPP6-KO mice have smaller brains in in vivo MRI studies and show strucrtural 
changes in the hippocampus
A-B: Body weight of 12-month-old DPP6-KO mice is significantly reduced compared to 

WT (n=20 mice each, p <0.0001). C-D: 12-month-old DPP6-KO mice also show decreased 

brain weight compared to WT (n=13 mice each, p <0.0001). E-F: In vivo MRI reveals 

a significant decrease in total brain volume in DPP6-KO mice (WT n=8; DPP6-KO n=6, 

p <0.001), scale bar:2 mm. G: Hippocampal absolute volume and relative volume are 

decreased in DPP6-KO live mice compared to WT (Absolute volume, p <0.0001; right: 

Relative volume, p <0.0001). H-I: Immunofluorescence labeling (IF) shows that there is 
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less NeuN (green, 1:500) in hippocampus of 12-month-old DPP6-KO mice compared to WT 

(WT n=14; DPP6-KO n=26 sections, p <0.01). CA1 region is shown in H. Scale bars:50 μm. 

J-K: More apoptotic neurons in 12-month-old DPP6-KO in the hippocampal area (apoptosis 

marker cleaved caspase3, CC3, red) compared to WT. J shows the CA3 stratum pyramidale 

and K shows the intensity of labeling for CC3 in the entire hippocampal stratum pyramidale 

(WT n=11, DPP6-KO n=11 sections, p<0.05). Scale bars:20 μm. L-N: DPP6-KO CA1 

pyramidal cell somas appear shrunken, based on NeuN labeling (green) with fewer apical 

dendrites with MAP2 labeling (red) in 12-month-old DPP6-KO compared to the WT. Also, 

the soma surface area of CA1 stratum pyramidale in DPP6-KO is significantly smaller than 

in WT (Figure 1M, WT n=60, DPP6-KO n=80 cells, p <0.0001), and the MAP2 intensity 

in the CA1 stratum radiatum is less in DPP6-KO mice (Figure 1N, WT n=6, DPP6-KO n=8 

sections, p <0.01), 3–5 mice were examined in each IF experiment. cx, cortex; dg, dentate 

gyrus; h, hippocampus; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. 

Scale bars:5 μm. Nuclei were counterstained with DAPI in blue. Error bars represent ±SEM. 

Statistical significance was evaluated by Student’s t test. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001.
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Figure 2. APP accumulation in the presynaptic terminals is associated with increased 
invaginations and novel structures in 12-month DPP6-KO hippocampus
A: Electron microscopy reveals that invaginating structures (arrows) are found commonly 

in the presynaptic terminals in the CA1 region of the hippocampus. Some reciprocal 

invaginating terminals (see text for details) are colored yellow and green for clarity. 

den, large apical dendrite of the CA1 stratum radiatum; sp, spines; asterisk, perforated 

postsynaptic density. Scale bars:100 nm. B: Graph shows an increase in the number of 

invaginations in the 12-month DPP6-KO compared to the WT for spine invaginations, 

two-terminal invaginations, and total invaginations (n=156 images for WT, n=127 images 
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for DPP6-KO, from 2 mice each. p <0.001). C: Immunogold localization (20 nm gold) 

for APP in the CA1 region of the hippocampus. All gold particles in these images are 

in presynaptic terminals. sp, spines. Scale bar:100 nm. D: Graph shows that the number 

of APP gold particles in 12-month DPP6-KO is significantly increased compared to WT. 

Most gold particles are in presynaptic terminals (n=188 images for WT, n=201 images for 

DPP6-KO mice, from 2 mice each, p <0.001). E,F,G: Immunogold labeling for APP (10 

nm; all immunogold particles in image are labeled with small arrows) in the hippocampus 

CA1 from DPP6-KO mice is common in the novel swellings labeled with NeuN (20 nm 

immunogold; colored yellow in the low magnification image, E). F is a high-magnification 

image of the left swelling shown in E. The swelling in G is from a second DPP6-KO 

mouse. Scale bars are 2 μm for E and 500 nm for F and G; these scale bars were retained 

from the original raw image files. An inset in G shows an immunofluorescence image 

of a single NeuN+-large punctum corresponding to a swelling, labeled with APP in red 

and NeuN in green, scale bar:2 μm. H,I. In the hippocampus of 12-month-old DPP6-KO 

brain sections, IF for APP (red) is significantly enhanced compared to WT (n=8 sections, p 
<0.01). scale bar:100 μm. J,K: Immunoblot shows that total expression of APP in 12-month-

old DPP6-KO hippocampus is increased compared to WT (n=8 sections, p <0.01). 4 mice 

were examined in the IF experiment. Error bars represent ±SEM. Statistical significance was 

evaluated by Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. DPP6 deficiency induces amyloid deposition in hippocampus and novel NeuN+ 
structures
A: IF for Aβ (red) shows more accumulation in the hippocampus CA1 of 12-month-old 

DPP6-KO mice compared to WT. sp, stratum pyramidale; sr, stratum radiatum. Scale 

bars:50 μm. B: Low and high magnification images show the accumulation of Aβ in the 

cytoplasm of CA1 stratum pyramidale neurons of 12-month-old DPP6-KO. Scale bar:5 μm. 

C: Graph shows that the intensity of Aβ is significantly enhanced in 12-month DPP6-KO 

mice compared to WT (n=16 each, p <0.01). D-E: Western blot shows that low and high 

molecular weight forms (LMW and HMW) of Aβ are more highly expressed in 12-month-
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old DPP6-KO hippocampal lysate compared to WT (n=4 mice each, p <0.05). F: IF shows 

Aβ (red) partially colocalized with the novel NeuN+ (green) structures. Note the greater 

colocalization seen in the right image. Scale bars:2 μm. 3–5 mice were examined in each IF 

experiment. G: Immunogold labeling for Aβ (10 nm; all immunogold particles in image are 

labeled with small arrows) in the hippocampus CA1 can be common in the novel swellings 

labeled with NeuN (20 nm immunogold) in both WT (left and top, right image) and KO 

(bottom, right image). p, postsynaptic dendrite; sp, spine; t, presynaptic terminal. Scale bar 

is 500 nm in the left image and in the top, right image for both right images. Error bars 

represent ±SEM. Statistical significance was evaluated by Student’s t test. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. Aβ is associated with microglia and astrocytes
A,B: IF in 12-month-old WT (A) and DPP6-KO (B) mouse brain sections labeled for Aβ 
(red) and microglia marker Iba1 (green). C: A high magnification image of the DPP6-KO 

shows the close colocalization of Aβ-labeling with Iba1-labeling in microglia somas and 

processes. D,E: IF in 12-month-old WT (D) and DPP6-KO (E) mouse brain sections labeled 

for Aβ (red) and the astrocyte marker GFAP (green). F: A high magnification image of the 

DPP6-KO shows Aβ-labeled small processes associated with astrocyte processes. G,H: IF in 

12-month-old WT (G) and DPP6-KO (H) mouse brain sections labeled with Aβ (red) with 

MAP2 (green). I: A high magnification image of the DPP6-KO shows that most labeling for 
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Aβ is outside of the MAP2-labeled dendrite profiles; few Aβ-labeled puncta are colocalized 

with these dendrites, which appear irregularly shaped in the KO (dysmorphic). J-L (J, WT; 

K,L, DPP6-KO): In contrast, in the 8-week-old WT and DPP6-KO mouse brain, IF using 

the same antibodies to Aβ and MAP2 as used in the 12-month-old WT and DPP6-KO 

show some diffuse labeling for Aβ in some pyramidal neuron somas and apical dendrites, 

which appear more normal in structure than those in the 12-month-old DPP6-KO mice. 

Also, labeling for Aβ is concentrated in distinct interneurons (asterisks). 3 mice have been 

examined for each IF experiment. sp, stratum pyramidale; sr, stratum radiatum. Scale bar:20 

μm.
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Figure 5. Hyper-phosphorylated tau is increased in 12-month DPP6-KO mouse hippocampus, 
ultimately leading to degeneration
A-B: Western blots show that in 12-month-old DPP6-KO hippocampal lysate, the total 

expression levels of AT8, AT180 and Tau3C are significantly increased compared to WT. 

There are no significant changes for the total protein levels of Tau5 and actin (control) 

(AT8 n=7 mice, p <0.001; AT180 n=7 mice, p <0.01 and Tau3C n=4 mice, p< 0.01). 

C-D: IF labeling with AT8 (red) in the hippocampal CA1 shows that the intensity of AT8 

is increased in 12-month-old DPP6-KO mice compared with WT (WT n=11, DPP6-KO 

n=15 sections, p <0.001) and there is a change in expression pattern (see Results). Scale 

Lin et al. Page 38

Neurobiol Dis. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bar:20μm. E-F: IF label with MAP2 (red) and NeuN (green) in cortex (E) and hippocampus 

(F) shows an opposite pattern from the AT8, with abundant labeling of MAP2 in the apical 

dendrites and associated neuropil in the 12-month-old WT mice, and much less MAP2 

labeling in 12-month-old DPP6-KO mice. Scale bar:50μm. G,H: Intensity of MAP2 labeling 

in the cerebral cortex (WT n=13, DPP6-KO n=13 sections, p<0.001) and CA1 (WT n=23, 

DPP6-KO n=23 sections, p<0.001) is significantly decreased in the DPP6-KO compared 

to WT. I-L: Western blots show that in 12-month-old DPP6-KO hippocampal lysate, the 

total protein level of α-synuclein (I,J, n=5 mice, p <0.01) and P19ARF (K,L, 1:1000, n=5 

mice, p <0.001) is significantly increased in DPP6-KO mice compared to WT. Nuclei were 

counterstained with DAPI in blue. 3–5 mice were examined in each IF experiment. cx, 

cortex; dg, dentate gyrus; sp, stratum pyramidale; sr, stratum radiatum. Error bars represent 

±SEM. Statistical significance was evaluated by Student’s t test. *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001.
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Figure 6. Activated astrocytes and microglia cells are dramatically increased in 12-month DPP6-
KO brain and associated with the novel NeuN+ structures
A: Whole brain sections labeled with the astrocyte marker GFAP (green) in 12-month-old 

WT and DPP6-KO mice. Scale bar:1mm. A-C: In 12-month-old DPP6-KO mice, whole 

brain (A) and hippocampal sections (B) show higher intensity for GFAP (Figure 6C, 

p <0.01) and astrocytes are increased in size and number in DPP6-KO CA1 compared 

to WT (Figure 6C, p <0.0001 and p <0.05); magnified in lower panels of Figure 6B). 

Scale bar:20μm. D-E: IF with microglia marker Iba1 (green) labeled in hippocampus of 

12-month-old DPP6-KO mice; the high-magnification lower panels show the irregular and 
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sometimes enlarged, activated microglia, compared to the WT mice hippocampus, which 

shows more typical, normal microglia. The intensity of Iba1 in both brain and hippocampus 

are significantly higher in DPP6-KO than in the WT (Figure 6E, p <0.01), and microglia are 

increased in size and number in DPP6-KO CA1 compared to WT (Figure 6E, p<0.0001). 

Scale bar:100μm for low and 20 μm for high magnification. F: IF shows that the GFAP+ 

astrocytes can directly surround the novel NeuN+ large puncta, sometimes as distinct ring-

shaped processes. G: IF shows the Iba1+ microglia associated with the novel NeuN+ large 

puncta. Scale bar=2μm, (F-G). 3–5 mice were examined in each IF experiment. H-L: Pro- 

and anti-inflammatory cytokine levels are significantly higher in 12-month-old DPP6-KO 

mouse blood serum (n=10 mice each of WT and DPP6-KO, p <0.01) compared to WT. 

Nuclei were counterstained with DAPI in blue. dg, dentate gyrus; sp, stratum pyramidale; 

sr, stratum radiatum. Error bars represent ±SEM. Statistical significance was evaluated by 

Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. Human donors with Alzheimer’s disease have similar NeuN-labeled structures in 
hippocampal CA1
A: Human brain tissue (donor 6) including the CA1 hippocampal region. Scale bar:5mm. B: 

Section of human brain (donor 3) stained with H&E (Hematoxylin and Eosin) to identify 

regions of the hippocampus (CA1 and CA3 and DG as dentate gyrus). Scale bar:1mm. C: 

IF with NeuN labeling (green) to show the hippocampal CA1 region of a human brain 

section (donor 3). Scale bar:200μm. D: IF with NeuN labeling in the CA1 of the late-stage 

AD donor 1 shows remnants of degenerated neurons (arrows) along with normal-looking 

neurons. Scale bar:20μm. E: IF with NeuN labeling in the CA1 of donor 3 with late onset 

AD. DAPI labeling shows abnormal clusters of unidentified cells (arrow). Scale bar:50μm. 
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F-I: NeuN+ clusters of puncta are found in both control (donor 7; Fig. 7F,H) and in AD 

brain (donor 3; Fig. 7G,I). Clusters of puncta look similar to the NeuN+ clusters (green 

IF) of large puncta described in aging DPP6-KO mice. H,I: IF for NeuN+ clusters of large 

puncta (arrows) show colocalization with the presynaptic marker synaptophysin (red) in both 

the control (H) and AD brain (I). Scale bar:10μm, (F-G). J: Aβ-plaques are found in donor 

1 by IF with Aβ (red); these plaques also show partial colocalization with NeuN (green) 

labeling (arrow). K,L: IF in AD brain donors 1 (K) and 4 (L) with MAP2 (red) and NeuN 

(green) labeling shows some distinctly labeled apical dendrites and irregular clusters of 

NeuN+ small-cells and processes surrounded with MAP2 (arrow in K) and overlap of red 

and green labeling in an NeuN+ cluster of puncta (arrow in L). Scale bar=50μm, (H-I).
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Figure 8. Aging DPP6-KO mice show circadian rhythm disruption
A: 12-month DPP6-KO have significantly higher locomotor activities compared to WT for 

the measurement of ambulation and fine movements (n=12 mice each, Two-way ANOVA, p 
<0.05, p <0.01), but not in rear movements during the Light-on phase (Two-way ANOVA, 
p> 0.05), and no significant increase during the Light-off phase (Two-way ANOVA, p 
>0.05). B: With pooled Light-on and Light-off times, fine movement activity of DPP6-KO 

mice is significantly increased compared to WT (n=12 mice each, Student’s t-test, p <0.05), 

but there are no differences in ambulation movement or rearing activity (Student’s t-test, 

p >0.05). C: With the hourly activity of Light-on and Light-off in three movements, the 
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circadian rhythm/clock is off at certain time points, especially in Light-on, in DPP6-KO 

mice compared to WT (n=12 mice each, Student’s t-test, p <0.05). Error bars represent 

±SEM. Statistical significance was evaluated by Student’s t test or two-way ANOVA with 

Tukey’s multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.
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