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Abstract

Cyclin dependent kinase 5 (Cdk5) regulates various developmental and physiological processes in the
central nervous system. Deregulation of CdkS5 activity in neurons induces severe neurodegeneration and
has been implicated in Alzheimer’s disease (AD) and other neurodegenerative conditions. A large fraction
of AD risk genes are highly expressed in microglia, highlighting an important role for these cells in AD
pathogenesis. While Cdk5 function in neurons is well characterized, our understanding of its roles in
microglial function under physiological and neurodegenerative conditions remain rudimentary. Here, we
investigate the roles of Cdk5 in microglia using myeloid-specific Cdk5 conditional knockout mice. Using
microglia-specific transcriptome profiling, histological analyses, and behavioral assessments, we found
that knockout of Cdk5 in microglia for 1 month induced transcriptional changes characterized by
upregulation of cell cycle processes and type I interferon signaling genes in both physiological conditions
and AD-related amyloidogenesis. In contrast to the robust transcriptional changes, conditional loss of
microglial Cdk5 produced minimal effects on the density and morphology of microglia and their phagocytic

activity toward myelin debris. Moreover, Cdk5¢cKO mice exhibited little change in synaptic density and
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tasks associated with locomotor, anxiety-like, and memory-related behaviors. Our findings indicate that the
conditional loss of Cdk5 in microglia induces rapid alterations of microglial transcriptome with minimal or

delayed effects on histological and behavioral responses.

Introduction

Cyclin dependent kinase 5 (Cdk5) is a proline-directed serine/threonine kinase that primarily expressed in
the central nervous system. Even though highly homologous in amino acid sequence to other CDK family
members, CdkS5 is not involved in classical cell cycle regulation, in fact inhibiting the cell cycle in neurons'?.
CdkS5 also plays essential roles in regulating neuronal differentiation and migration, neurite outgrowth,
axonal path finding, synaptic function and membrane transport' ®. Cdk5 null mice, which die near birth,
exhibit severe defects in neuronal migration and inverted cerebral cortex laminar configurations®.
Reconstitution of Cdk5 expression under control of the p35 promoter rescues the lethality phenotype in
Cdk5 deficient mice’, indicating neuronal CdkS5 is vital for survival during embryogenesis and
development'®. Activation of Cdk5 requires association with one of its co-activators p35 or p39'!,which
exhibit temporal and spatial complementarity with Cdk5 in neurons in the CNS'**4, Although Cdk5/p35
complexes are essential in neuronal differentiation and migration, their roles in mature neurons, as well as
in other brain cell types, remain less well understood.

In addition to its roles in neurodevelopment, CdkS5 activity has also been shown to be deregulated
in various neurodegenerative diseases including Alzheimer’s Disease (AD)", Parkinson’s Disease'® and
amyotrophic lateral sclerosis'’, with its pathological effects in AD being the best studied. AD is a pervasive
neurodegenerative condition, characterized by progressive loss of memory and cognitive functions. Various
pathological hallmarks have been well characterized, including p-amyloid deposition,
hyperphosphorylation of the microtubule binding protein tau, loss of synapses and chronic
neuroinflammation'®. Physiological neuronal activity, as well as multiple neurodegenerative stimuli, lead
to the calpain-mediated cleavage of Cdk5 activator p35 to a truncated form, p25". p25 levels are found
elevated in multiple neurodegenerative contexts and Cdk5-p25 complexes exhibit increased stability,
distinct subcellular localization and altered substrate specificity compared to Cdk5-p35 complexes®® .
Consistently, Cdk5 activity is found elevated in postmortem AD patient brains as well as in AD models®
where deregulated Cdk5 contributes to hyperphosphorylation of amyloid precursor protein (APP)?, tau and

15,27

neurofilament proteins and promotes neuronal death'. Importantly, inhibition of Cdk5 in vivo can

attenuate tauopathy and amyloidogenesis and prevents neuronal loss and memory impairments®® ',

Growing evidence also indicates essential roles for Cdk5 in non-neuronal brain cell types®®>°.
Conditional deletion of Cdk5 in oligodendrocytes in vivo disrupts the integrity of nodes of Ranvier and

significantly impairs mouse learning and memory**. In vivo and in vitro studies have further shown
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important roles for Cdk5 in promoting the transition of oligodendrocyte precursor cells to mature
oligodendrocytes; conditional knockout of Cdk5 in Oligl” cells results in failure in remyelination and
reduced maturation of oligodendrocytes™.

The potential functions of Cdk5 in microglial cells have not yet been explored. Microglia are a
specialized brain-resident macrophage population which arise from primitive hematopoietic precursors in
the yolk sac and migrate to the CNS early in embryonic development®®. Characterized by strong plasticity,
microglia are capable of sensing various stimuli to produce appropriate cellular responses. Under
physiological conditions microglia exhibit dynamic surveillance behavior by constantly extending and
retracting their ramified processes to monitor the surrounding microenvironment. They are involved in

37-39

refinement of brain circuits through complement-mediated synaptic pruning’~, modulate myelin

40-42 43,44

homeostasis™ ", scavenge apoptotic cellular debris™* and communicate with other cell types in the brain

43,45

during resting states™ . When CNS homeostasis is disrupted, resting microglia rapidly switch to activated

phenotypes that can initiate immune responses, secrete inflammatory cytokines and chemokines, express
cell surface antigens and exhibit altered morphologies in an attempt to sustain brain homeostasis***’.
However excessive increase of cytokines can lead to sustained activation of microglia, triggering a harmful
positive feedback loop of inflammation*®. Over the course of neurodegeneration in AD, microglia manifest

1¥° morphological and functional profiles in both humans*’ and mice’*>'. A

heterogeneous transcriptiona
single cell RNA-seq study demonstrated two distinct disease-associated microglial stages in the Ck-p25
mouse hippocampus. At early stages, microglia show a proliferative transcriptional profile, while at later
stages microglia acquire a signature characterized by distinct immune responses associated with type I and
type II interferon signaling.

Another transcriptional study in SxFAD mice showed a subset of microglia gradually adopting a
disease-associated microglia (DAM) phenotype, whereby homeostatic microglial genes are first
downregulated, followed by Trem2-dependent upregulation of DAM signatures, including genes relevant
to phagocytosis and lipid metabolism’'. Both studies support the view of a sequential transcriptional
transformation of microglia subsets, indicating specific microglial signaling pathways are affected in a
time- and context- dependent manner. Further investigation is necessary to determine the functional
outcome of these transcriptional alterations.

Here, we investigate theroles of Cdk5 in microglia using myeloid-specific Cdk5
conditional knockout mice. By characterizing microglia specific transcriptomic profiles, histological, and
behavioral phenotypes, we found that knockout of Cdk5 from microglia for one month induced considerable
transcriptomic changes in both wild-type and SXFAD backgrounds. Our analysis of microglial numbers,

morphology, phagocytic activity and clustering, however, showed only minor effects of Cdk5 cKO on these
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parameters. Similarly, amyloid plaque accumulation in 5XFAD mice, and various measures of locomotor

and behavioral performance in wild-type and SXFAD mice, revealed little effect of Cdk5 deletion.

Results
Knockout of CdkS in microglia results in transcriptional changes

5" mice

To begin to characterize the functions of Cdk5 in microglia, we crossed Cx3crl-CreERT2 and Cdk
to generate Cdk5 conditional knock out (Cdk5cKO) mice in which Cdk5 can be ablated in microglia upon
tamoxifen (TAM) injection. This allowed us to investigate Cdk5 function in adult microglia, without
affecting any potential functions during development. We injected 5-month-old mice with TAM or vehicle
to generate Cdk5¢cKO and age matched control mice. After aging these mice for 30 days to 6 months of
age, we collected and processed hippocampal samples for RNA sequencing (RNA-seq). Hippocampal
homogenates from 4 control (Cx3crl-CreERT2; Cdk5" mice treated with vehicle) and 4 Cdk5cKO
(Cx3cr1-CreERT2; Cdk5" mice treated with TAM) mice were labeled with CD11b and CD45 then
subjected to fluorescence activated cell sorting (FACS) to specifically isolate microglia (Figure 1A).
Following RNA extraction and sequencing, we analyzed differentially expressed genes (DEGs) between
conditions, identifying 465 downregulated genes and 269 upregulated genes in the microglia of Cdk5cKO
mice compared to microglia from control mice (Figure 1B). As expected, Cdk5 expression in Cdk5cKO
microglia was reduced to undetectable levels (Figure 1C).

We next analyzed the DEGs we identified more carefully to better understand the potential
functional outcomes of Cdk5 KO in microglia. To this end, we performed Gene Ontology (GO) analysis to
identify affected biological processes among the up- and downregulated genes. Genes downregulated in
Cdk5cKO mice were enriched in GO terms associated with GTPase activity, cell migration, and cell
motility (Figure 1D), while upregulated genes were enriched in GO terms associated with cell division and
cell cycle processes (Figure 1E). These results suggest that microglial motility and proliferation may be
altered in Cdk5 KO microglia.

Having identified considerable gene expression changes in Cdk5cKO microglia, we then examined
whether microglial density and morphology might be altered by loss of Cdk5. Thus, we performed
histological analysis on another cohorts of mice, again one month after injection with either vehicle or
TAM. Analysis of Ibal™ microglia in the CA1 region of the hippocampus showed that microglial density
was not different between control and Cdk5cKO mice (Figure 1F and 1G). We also examined microglial
morphology by measuring process length and cell body volume, again finding no significant differences
between conditions (Figure 1H-J).

To assess whether phagocytic activity of microglia is altered in response to knockout of Cdk5, we

next monitored in vivo phagocytic activity of microglia using a fluorescently labeled myelin uptake assay.
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We first purified myelin debris from C57BL/6 mice and conjugated it to pHrodo-Green dye, which is pH-
sensitive and fluoresces at acidic pH. In biological systems, lysosomes are the main low-pH compartment,
thus increased pHrodo-myelin fluorescence in this assay would reflect the final steps of cellular myelin
uptake, trafficking through the endo-lysosomal system and deposition in acidic organelles. We injected
pHrodo-myelin into the CAl region of the hippocampus of 6-month-old control and Cdk5cKO mice
(injected with vehicle or TAM one month prior) and perfused the mice 48 hours later for histological
analysis. We observed pHrodo dye signal inside Ibal” microglia in both conditions, indicating successful
myelin uptake (Figure 1K and L). We next quantified the number, volume and average and total signal
intensity of pHrodo-myelin puncta inside Ibal” microglia, finding no evidence of altered myelin uptake by
Cdk5cKO microglia (Figure 1M-P). Together, our findings indicate that knockout of Cdk5 in microglia in
vivo for one month induces considerable microglial transcriptional changes, but has minimal effect on the

number, size, morphology, or phagocytic capacity of these cells.

Knockout of CdkS in microglia does not affect synapse density or behavioral measures

Altered Cdk5 activity in neurons has profound effects on brain development, synaptic function and
cognitive performance. To examine whether loss of Cdk5 in microglia also affects locomotor or cognitive
function, we performed a battery of behavioral tests using control and Cdk5¢KO mice. As for our earlier
experiments, we used mice at 6 months of age that had been injected with vehicle or TAM one month prior.
To assess gross locomotor activity, we performed the open field test and found that the total distance
travelled by control and Cdk5¢KO mice was similar (Figure 2A). We also measured the percent of time
spent in the center of the open field arena, used as a measure of anxiety, and found no significant difference
between control and Cdk5cKO mice (Figure 2B). To specifically probe anxiety-like behaviors, we further
performed the light dark assay, in which a mouse was placed initially in the dark chamber then allowed to
freely explore both dark and light chambers for ten minutes. A mouse spending more time in the light
chamber is considered to be less anxious, as mice typically exhibit a preference for the dark. We found that
both percent time spent in light chamber and latency to enter the light chamber were not significantly
different between control and Cdk5¢cKO mice (Figure 2C and D), suggesting that anxiety-like behavior was
not affected by loss of Cdk5. Next, to examine whether memory-related behaviors were affected in
Cdk5cKO mice. we performed the novel object recognition test, comprising 3 phases over 4 days of testing.
Each mouse was placed in an open field box for 10 minutes of habituation on day1, followed by two days
of 10 minutes training on objection recognition. On the testing day (day 4), one of the two objects was
replaced with a novel object, and each mouse was placed in the box to freely explore the two objects for 10
minutes. A discrimination index was calculated by dividing the time spent interacting with the novel object

by the total time interacting with both the familiar and novel objects. We found that neither the
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discrimination index nor the time spent interacting with the novel object were significantly different
between control and Cdk5¢KO mice (Figure 2E and F).

We also examined markers of excitatory and inhibitory synapses in hippocampal area CAl of
control and Cdk5cKO mice. We examined the signal intensity of synaptophysin, a marker of glutamatergic
synapses (Figure 2G and H) as well as quantifying the number of puncta associated with vesicular GABA
transporter (VGAT), a marker of GABAergic synapses (Figure 21 and J). Consistent with the lack of effect
we saw on behavioral measures in Cdk5cKO mice vs. controls, we did not observe any significant

differences in these synaptic markers between conditions (Figure 2G-J).

Loss of microglial CdkS in SXFAD mice alters gene expression, proliferation and clustering

We next wanted to understand whether Cdk5 was important in microglia function in the context of AD, so
we crossed Cx3cr1-CreERT2; Cdk5" mice with SXFAD mice to generate compound transgenic mice which
we again injected with either vehicle (SXFAD; control) or TAM (5XFAD; Cdk5cKO). We first examined
transcriptomic changes in response to knockout of Cdk5 in 5XFAD microglia as we had previously in
control and Cdk5cKO mice. Vehicle or TAM were injected into 5-month-old mice, followed by FACS
sorting to isolate microglia 30 days later, included 4 samples per group. Gene expression profiling and
downstream analysis identified 409 upregulated genes and 203 downregulated genes in SXFAD; Cdk5cKO
microglia compared to those from 5SXFAD; control mice (Figure 3A). Again, Cdk5 itself was very strongly
downregulated (Figure 3B). GO analysis revealed that downregulated genes were enriched in GO terms
associated with cell activation, cytokine production, and cell motility (Figure 3C), while upregulated genes
were enriched in GO terms associated with cell cycle processes, cell division, and innate immune responses
(Figure 3D). Similar to our transcriptional findings in Cdk5¢KO mice, compound mice also showed
upregulation of genes associated with cell division and downregulation of genes associated with cell
motility. To examine whether microglial density or morphology were altered in compound mice, we
performed immunohistochemistry for Ibal. We found that knockout of CdkS5 in SXFAD microglia resulted
in increased Ibal” microglia density in the CA1 region of the hippocampus (Figure 3E and F), while the
morphology of these cells, as measured by cell body volume and process length, was not altered compared
to controls (Figure 3G-I).

Previous studies have identified subsets of microglia associated with amyloid pathology’' in
5XFAD mice. These microglia were termed disease-associated microglia (DAM) and characterized by
upregulation of a specific subset of genes. We examined the expression of these genes to understand
whether knockout of Cdk5 from microglia in SXFAD background would impact the expression of the DAM

signature. Indeed, we found that many of the genes comprising both the stage 1 and stage 2 DAM signatures
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were expressed at lower levels in microglia from compound mice compared to those from 5XFAD; control
mice, though not all reached statistical significance (Figure 3J).

Given that DAM microglia are associated with amyloid plaques and many DAM signature genes
were downregulated in compound mice, we further examined amyloid burden in these mice. We performed
immunohistochemistry for Ap and quantified the number and volumes of amyloid plaques in the CAl
region of the hippocampus. We quantified plaques that were at least Sum? or bigger and found that both the
plaque count and total plaque volume were comparable between 5XFAD; control and compound mice
(Figure 3K-M). To understand if small and large plaques could be differentially affected by the loss of Cdk5
in SXFAD mice, we quantified the number of small (<50pum?) and large plaques (>1500um?). We found
that regardless of size, the number of plaques was similar between control and compound mice (Figure 3
N-P). Thus, the number and composition of amyloid plaques in 6-month old 5XFAD mice does not appear
to be altered by loss of microglial CdkS5.

Although amyloid plaques in SXFAD mice were not altered by the conditional loss of CdkS5, the
number of microglia was increased and the expression of DAM signature genes was reduced. This result
prompted us to investigate whether phagocytic activity of microglia toward Ap was changed in compound
mice. We performed immunohistochemistry simultaneously for Ibal and A and quantified plaque volumes
inside Ibal® microglia (Figure 3Q). While the plaque volumes inside Ibal” regions were not different
between conditions (Figure 3R), the total number of microglia clustered around amyloid plaques, a classical
feature of DAM microglia, was increased in compound mice compared to control (Figure 3S).

To understand whether knockout of Cdk5 in microglia could affect behavioral phenotypes in
5XFAD mice, we then performed open field, light/dark, and novel object recognition tests to probe
locomotor, anxiety-like, and memory-related performance. We found that in the open field test, both total
distance traveled and percent time in center were not altered between groups (Figure 4A and B). In the
light/dark test, although percent time spent in the light chamber remained similar between the two groups
(Figure 4C), compound mice showed slightly increased latency to the light chamber (Figure 4D). In the
novel object recognition test, both discrimination index and time spent exploring the novel object were not
significantly different between the two groups (Figure 4E and F). Together, these results suggest that while
knockout of Cdk5 from microglia in a SXFAD background affects microglial transcription, abundance and

clustering, it has minimal effects on amyloid deposition or behavioral performance.

Knockout of CdkS5 from microglia upregulates cell cycle and type I interferon signaling genes across
physiological and pathological states
We next wanted to examine genes and biological processes that are dysregulated in response to loss of Cdk5

from microglia in both wild-type and 5XFAD backgrounds. We found that of the 465 downregulated genes
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in Cdk5cKO vs. control microglia, 71 genes were also downregulated in compound vs. SXFAD; control
microglia (Figure 5A). Of the 269 upregulated genes in Cdk5cKO vs. control microglia, 158 genes were
also upregulated in compound vs. SXFAD; control microglia (Figure 5A). Thus, a considerable portion of
the Cdk5-dysregulated genes were affected in microglia regardless of genetic backgrounds (wild-type vs.
5XFAD). GO analysis of these commonly dysregulated genes revealed that Cdk5-downregulated genes
were enriched in GO terms associated with regulation of lipid transport and transcription (Figure 5B), and
that commonly upregulated genes were enriched in GO terms associated with cell cycle processes and type
I interferon signaling (Figure 5C).

To understand how these genes and biological processes were dysregulated across the four
genotypes (control, Cdk5¢KO, SXFAD and compound), we analyzed and plotted the expression patterns
of DEGs across the four genotypes, identifying nine clusters of expression patterns (Figure 5D). While
some clusters contained very few genes, we focused on the four clusters that contained >100 genes,
performing GO analysis on the gene lists from these clusters. The genes in cluster 3, which showed slight
downregulation in 5XFAD compared to control microglia and showed further downregulation in cells from
Cdk5cKO and compound mice, were enriched in GO terms associated with chromatin organization and
leukocyte differentiation (Figure SE). The genes in cluster 7, which showed gradual upregulation across all
four genotypes, were enriched in GO terms associated with type I interferon signaling (Figure 5F). The
genes in cluster 8, which exhibited slight upregulation in 5SXFAD compared to control mice and further
upregulation in Cdk5cKO and compound mice, were enriched in GO terms associated with cell cycle
processes (Figure 5G). The genes in cluster 9, which showed upregulation in SXFAD compared to control
mice and showed downregulation in Cdk5¢cKO mice but no change in compound mice compared to SXFAD
mice were enriched for cell activation (Figure SH).

We further performed GO analysis to uncover genes and pathways that were commonly
dysregulated across different pairwise groups (control vs SXFAD, control vs Cdk5cKO, and SXFAD vs
compound). We found 26 downregulated genes and 97 upregulated genes shared across all three pairwise
groups (Figure 51 and J). While there were no enriched GO terms for the commonly downregulated genes,
the commonly upregulated genes were enriched in GO terms associated with cell cycle processes, type I
interferon signaling, and defense response to viruses (Figure 5K). Together, our results indicate that the
most robust gene dysregulation signatures in response to conditional loss of Cdk5 in microglia were

upregulation of cell division, type I interferon signaling, and defense response to viruses.

Discussion

A large fraction of AD risk genes are highly expressed in microglia, implicating these cells in the

D52—54

pathogenesis of A . Dysregulated Cdk5 activity has also been observed in AD and other
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neurodegenerative conditions'>"’

, while animal models have demonstrated the damaging effects of Cdk5
loss® or hyperactivity". Thus, understanding the roles of Cdk5 in microglia and the potential effects on AD
pathogenesis are of considerable interest. Using transcriptomic, histopathological, and behavioral assays,
we profiled the role of Cdk5 in microglia in vivo. We found that conditional knockout of Cdk5 from
microglia of either wild-type or 5XFAD mice induced robust transcriptional changes, including
upregulation of cell cycle processes, type I interferon signaling, and defense response to viruses. Despite
the gene expression changes we observed, we found Cdk5cKO had only modest effects at the levels of
cellular composition and morphology as well as on performance tasks that assess locomotor, anxiety, and
memory functions. The lack of strong phenotypic changes beyond altered gene expression could reflect
homeostatic mechanisms that prevent or obstruct responses at the cellular and behavioral levels. It is also
possible that deletion of microglial Cdk5 for longer than one month, as was performed here, is required for
the manifestation of phenotypic changes.

Knockout of Cdk5 in microglia for one month induced expression changes for hundreds of genes
in both the wild-type and SXFAD backgrounds. Interestingly, many of the upregulated genes were also
upregulated in the microglia of SXFAD compared to control mice, specifically genes associated with cell
division, type I interferon signaling, and defense response to viruses. This suggests that knockout of Cdk5
in microglia recapitulates some aspects of microglial disfunction in 5XFAD mice. In contrast, DAM
signature genes, which are upregulated in SXFAD compared to control mice, were downregulated in
response to knockout of Cdk5 in the microglia of 5XFAD mice, suggesting Cdk5cKO may allow microglia
in 5XFAD brains to maintain a more homeostatic state. DAM microglia are also known to cluster around
amyloid plaques®', but whether they contribute to reducing amyloid load is not clear. Our findings indicate
that while DAM signature genes were downregulated in microglia upon loss of Cdk5, the amyloid burden
was not altered, suggesting that there is no direct correlation between upregulation of DAM signature genes
and amyloid burden. It is also possible that cKO of microglial Cdk5 for a longer period may be necessary
to observe effects on amyloid load in 5SXFAD mice.

Although we observed transcriptomic changes in microglia in response to knockout of Cdk3, we
did not observe clear histological changes as suggested by our transcriptomic findings. This indicates that
gene expression changes in response to knockout of Cdk5 in microglia only have minimal effects on
histological phenotypes we examined in this study. Alternatively, given that we examined both
transcriptomic changes and the histological phenotypes one month after knockout of Cdk5 (via TMA
injections), alteration of histological phenotypes may lag behind transcriptional changes. Future

experiments examining the histological phenotypes at later time point may resolve these two possibilities.
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Figure legends

Figure 1 Knockout of Cdk5 in microglia induces transcriptional changes. (A) A diagram showing the
experimental flow of isolating microglia for bulk RNA sequencing. CD45 and CD11b were used to label
microglia for fluorescence activated cell sorting. (B) A heatmap showing differentially expressed genes in
microglia between control and Cdk5cKO mice. (C) CdkS expression was reduced in the RNA sequencing
dataset. Unpaired t-tests were used, n=4 mice/samples per group. (D and E) Top GO biological process
terms for genes downregulated (D) and upregulated (E) in Cdk5 KO microglia. (F) Images showing DAPI
(blue) and Ibal (green) in the CA1 region of the hippocampus. (G) Quantification of microglia numbers in
the CA1 of the hippocampus in control and Cdk5¢KO mice. Unpaired t-tests were used, n=4 mice per
group. (H) Images showing Ibal™ (green) microglia morphology in the CA1 of the hippocampus. (I and J)
Quantification of Ibal” microglia process length (I) and cell body volume (J) in Cdk5¢KO and control mice.
Unpaired t-tests were used, n=4 mice per group. (K and L) Images showing pHrodo-myelin (red), Ibal
(green), and DAPI (blue) in the CAl of the hippocampus (K) and magnified images (L). (M-P)
Quantification of pHrodo-myelin signal in Ibal” microglia. pHrodo puncta (M), mean volume (N), mean
intensity (O), and total volume (P) were not significant different between groups. Unpaired t-tests were

used, n=4 mice in control and n=6 mice in Cdk5¢KO mice.

Figure 2 Knockout of Cdk5 in microglia did not affect behavior or synaptic proteins. (A and B) Graphs
showing total distance travelled (A) and percent time the mice spent in the center (B) in the open field test.
Unpaired t-tests were used, n=6 mice in control and n=8 mice in Cdk5¢KO mice. (C and D) Graphs showing
percent time in light chamber (C) and latency to light chamber (D) in the light dark tests. Unpaired t-tests

were used, n=6 mice in control and n=8 mice in Cdk5cKO mice. (E and F) Graphs showing discrimination
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index (E) and novel object exploration time (F) in the novel object recognition test. Unpaired t-tests were
used, n=6 mice in control and n=8 mice in Cdk5cKO mice. (G and H) Images (G) and quantification (H)
of synaptophysin signal intensity in the CA1 of the hippocampus. Unpaired t-tests were used, n=6 mice in
control and n=7 mice in Cdk5cKO mice. (I and J) Images (I) and quantification (J) of vGAT puncta in the

CAL of the hippocampus. Unpaired t-tests were used, n=6 mice in control and n=7 mice in Cdk5 cKO mice.

Figure 3 Profiling CdkS function in microglia of SXFAD mice (A) A heatmap showing differentially
expressed genes between 5XFAD; control and 5XFAD; Cdk5cKO mice. (B) Cdk5 expression was
significantly reduced in response to Cdk5 knockout in microglia in SXFAD background. Unpaired t-tests
were used, n=4 mice per group. (C and D) Top GO terms for genes downregulated (C) and upregulated (D)
in 5XFAD; Cdk5cKO compared to SXFAD; control mice. (E) Images showing DAPI (blue) and Ibal
(green) in the CA1 of the hippocampus in SXFAD; Cdk5¢KO and 5XFAD; control mice. (F) Quantification
of Ibal™ microglia numbers in the CA1 of the hippocampus in 5XFAD; Cdk5¢KO and 5XFAD; control
mice. Unpaired t-tests were used, n=9 in SXFAD; control and n=13 in 5XFAD; Cdk5cKO mice. (G) Images
showing Ibal® microglia morphology in 5XFAD; Cdk5¢cKO and 5XFAD; control mice. (H and I)
Quantification of Ibal” cell body volume (H) and process length (I) in 5XFAD; Cdk5cKO and 5XFAD;
control mice. (J) A heatmap showing gene expression of stage I and II disease-associated microglia (DAM)
signatures in SXFAD; Cdk5cKO and 5XFAD; control mice. * indicate statistically significant genes. (K)
Images showing DAPI (blue) and A 5 (magenta) in the CA1 of the hippocampus. (L and M) Quantification

of plaque count (L) and volume (M) in the CA1 of the hippocampus. Unpaired t-tests were used, n=9 in
5XFAD; control and n=13 in 5XFAD; Cdk5cKO mice. (N) Graphs showing examples of plaque distribution
in SXFAD; Cdk5cKO and 5XFAD; control mice. (O and P) Quantification of small plaques (O) and large
plaques (P) in the CA1 of the hippocampus. Small plaque was defined by <50um? in size and large plaque
was defined by >1500um® in size. Unpaired t-tests were used, n=10 in SXFAD; control and n=11 in
5XFAD; Cdk5cKO mice. (Q) Images showing AP (magenta) and Ibal (green) in the CAl of the
hippocampus in SXFAD; Cdk5cKO and 5XFAD; control mice. (R and S) Quantification of plaque volume
in Ibal” cells (R) and of clustered microglia (S) around plaques. Unpaired t-tests were used, n=10 in
5XFAD; control and n=14 in 5XFAD; Cdk5¢cKO mice (R). n=8 in 5XFAD; control and n=11 in 5XFAD;
Cdk5cKO mice (S).

Figure 4 Behavioral characterization of SXFAD mice in response to CdkS knockout in microglia (A
and B) Graphs showing total distance travelled (A) and percent time the mice spent in the center (B) in the
open field test. (C and D) Graphs showing percent time in light chamber (C) and latency to light chamber
(D) in the light dark tests. (E and F) Graphs showing discrimination index (E) and novel object exploration
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time (F) in the novel object recognition tests. Unpaired t-tests were used, n=13 mice in 5SXFAD; control

and n=10 mice in 5XFAD; Cdk5¢KO mice.

Figure 5 Transcriptomic analysis of commonly dysregulated genes in response to knockout of CdkS
in microglia (A)Venn diagram showing commonly downregulated and upregulated genes between control
vs Cdk5cKO and 5XFAD; control vs 5XFAD; Cdk5¢cKO microglia. (B and C) Top enriched GO terms for
commonly downregulated (B) and commonly upregulated (C) genes in control vs Cdk5cKO and 5XFAD;
control vs SXFAD; Cdk5cKO comparisons. (D) Gene expression patterns of differentially expressed genes
between control vs Cdk5cKO and 5XFAD; control vs 5XFAD; Cdk5cKO. Data were plotted in 4
genotypes, including wt-Cdk5-wt, wt-Cdk5-ko, SXFAD-Cdk5-wt, and 5XFAD-Cdk5-ko. 9 clusters of gene
expression patterns were identified. (E-H) Top enriched GO terms for genes in cluster 3 (E), 7 (F), 8 (G),
and 9 (H). (I and J) Venn diagrams showing commonly downregulated (I) and commonly upregulated (J)
genes in the comparisons among control vs Cdk5¢KO, SXFAD; control vs SXFAD; Cdk5cKO, and control
vs 5XFAD; control. (K) Selective enriched GO terms for commonly upregulated genes across the three

comparisons.

Method

Mice

Cx3Crl-CreERT2 and SXFAD mice were obtained from the Jackson Laboratory and Cdk5"" mice were
produced previous by the Tsai lab®. Tamoxifen or vehicle were injected in 5-month-old mice and
transcriptomic, histological, and behavioral assays were carried out at 6 months of age. Male mice were
used in this study. All procedures were conducted in accordance with the U.S. NIH Guide for the Care and
Use of Laboratory Animals and were approved by The Committee for Animal Care of the Division of

Comparative Medicine at the Massachusetts Institute of Technology.

Immunohistochemistry

Mouse brains were fixed in 4% PFA for one night and sectioned coronally at 40 um using a vibrotome
(Leica). Brain sections were washed with PBS solution for 10 minutes and incubated in blocking solution
(1% BSA in 0.3% Triton X-100, PBS) for two hours at room temperature. The sections were incubated in
primary antibodies in blocking solution for 48h at 4°C. Primary antibodies used in this study include anti-
B- amyloid (D54D2)(1:500; Cell Signaling Technology; 8243), anti- Ibal (1:500; Synaptic Systems 234
004, polyclonal guinea pig anti-serum), anti-Synaptophysin antibody (1:500; Abcam ab32137) and VGAT
(1:500; Synaptic Systems 131 013). The sections were washed with PBS solution (4 x 10 min) and incubated

in secondary antibodies (dilution, 1:2,000) in blocking solution for one night at 4°C. Primary antibodies
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were visualized by using Alexa — Fluor -488, Alexa — Fluor -594, and Alexa — Fluor -647 antibodies (Life
Technologies). All cell nuclei were visualized with Hoechst 33342 (Thermo Fisher Scientific, #H3570).
Sections were washed with PBS (4 x 10 min) before being mounted with Prolong Gold mounting medium
(Thermo Fisher Scientific, #P36930). Images were obtained with Zeiss confocal microscope LSM 710 or

LSM 880. For each experimental condition, two images were acquired for quantification.

Microglia-specific RNA sequencing

Hippocampal tissues were rapidly removed from mouse brains, placed in ice-cold Hanks’ balanced salt
solution (HBSS) (Gibco by Life Technologies, catalogue number 14175-095) and cell suspensions were
resolved by enzymatic digestion using the Neural Tissue Dissociation Kit (P) (Miltenyi Biotec, catalogue
number 130-092-628). Cell suspension was then stained using allophycocyanin (APC)-conjugated CD11b
mouse clone M1/70.15.11.5 (Miltenyi Biotec, 130-098-088) and phycoerythrin (PE)-conjugated CD45
antibody (BD Pharmingen, 553081). FACS was then used to purify CD11b and CD45 positive microglial
cells. BD FACSDiva 8.0 and FlowJo V10 (Tree Star, Inc.) were used to for FACS analysis. Standard side
scatter width versus area and forward scatter width versus area criteria were used to discriminate doublets
and gate only singlets. Viable cells were identified by staining with propidium iodide (PI) and gating only
Pl-negative cells. RNA was extracted using RNeasy Plus Mini Kit (QIAGEN, 74134) according to the
manufacturer’s protocol, and total RNA was treated with DNase I (Worthington Biochemical) followed by
RNA purification using RNA Clean and Concentrator-5 Kit (Zymo Research) according to manufacturer’s
protocols. Purified RNA was subjected to quality control (Fragment Analyzer). cDNA libraries were
prepared using Illumina TruSeq Total RNA Sample Prep Kits (Illumina) and High-Throughput 3’Digital
Gene Expression (HT-3’DGE). Libraries were sequenced on the Illumina HiSeq 2000 platform at MIT
BioMicro Center. The collapsed raw fastq reads were aligned by Tophat2, and further processed by
Cufflinks 2.0.0 with UCSC mm9 reference gene annotation to determine transcript abundance. A gene was
considered differentially expressed with a fold change > 1.5 and a statistical significance of P< 0.05. Gene

ontology (GO) analysis of DEGs were performed using ToppGene.

Microglia analysis

Analysis of microglia number

3D rendering and quantification was performed by Imarisx64 8.1.2 (Bitplane, Zurich, Switzerland). Imaris
spot module allowed placement of a sphere at the center of the soma of each cell based on the Ibal and

Hoechst signals, thereby counting the Ibal- positive microglia number.

Analysis of microglia morphology
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Individual microglia branch lengths were measured using Imaris filament function. Filament tracer function

traced the start points and end points of microglia processes and presented associated statistics.

Microglia clustering analysis

Microglia clustering pattern around amyloid plaques was analyzed in 40um slices. Imaris detected D54D2
signals and rendered amyloid plaque surfaces accordingly. Spot module was implemented for counting
Ibal-positive microglia number by placing a spot at the center of the soma of each cell. And then the Spots
Close to Surface XTension function counted spots within 25um radius to the amyloid plaques surfaces and

excluded the spots outside of this range.

Microglia phagocytic activity toward myelin debris

Mpyelin extraction

Brains were homogenized with a douncer containing 0.32 M sucrose and subsequently layered on 0.85 M
sucrose and ultracentrifuged using a SW32Ti rotor spun at 75 000xg for 40 min. The interphase was then
exposed to osmotic shock by twice-repeated resuspension in distilled water followed by ultracentrifugation
at 75 000xg for 15 min. Then the pellet was resuspended in 0.32 M sucrose and layered on 0.85 M sucrose,
spun at 75 000xg for 30 min and the interphase was washed twice in distilled water and finally resuspended

in Tris-buffered saline.

pHrodo-Myelin preparation

1 mg pHrodo Green STP Ester (amine-reactive) was dissolved in 150 uL DMSO and then added to
Eppendorf tubes with approximately 20 mg myelin. Then the solution was left in darkness for 30 min before
adding to 10 mL DPBS. Solution was spun at 12 000 xg (9 800 rpm) for 15 min. Next, supernatant was
discarded and the pellet was resuspended in 10mL DPBS, then spun at 12 000 xg (9 800 rpm) for another
10 min. The supernatant was then discarded and washed. Finally, the pellet was resuspended in DPBS at 1

mg/mL protein (from Nanodrop, 280A) and preserved at -20°C.

Stereotaxic injection of pHrodo-Myelin

To characterize the microglia phagotcytic behavior in vivo, stereotaxic injection of 500nL pHrodo-Myelin
(1mg/ml) was injected to the CA1 (A|P: -2.25mm, M|L: 1.75mm, D|V: -1.5mm relative to the Bregma),
with an infusion rate at 100nL per minute. The needle stayed at the target injection coordinate for 3

minutes before the infusion and for 5 minutes after injection was complete.

Analyses of pHrodo-Myelin
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Imaris Surfaces function was utilized detect and 3D render Ibal signals in 3D space. Then the mask function
was then implemented to characterize the colocalization of pHrodo-myelin distribution within microglia
surfaces. The mask feature allowed us to ignore signal intensity outside of region of interest and generate a
new channel containing only voxels in the region of interest, using the pHrodo-myelin channel as the source
channel. Imaris Surfaces function were utilized again to detect and 3D render D54D2 signals in this new

channel, allowing for characterization of pHrodo-myelin colocalization with microglial cells in 3D space.

Synapse density analysis
Imaris Surfaces function was utilized to detect and 3D render vGAT and Ibal signals respectively, with

associated statistics presented. Mean signal intensity of synaptophysin was measured using Image J.

Analysis of amyloid plaques
Amyloid beta plaques were detected and rendered with Imaris surfaces module based on D54D2 signals,
with associated statistics including the number of rendered surfaces and volume of each individual surface

presented.

Plaque colocalization with microglia

Imaris Surfaces function was utilized to detect and 3D render Ibal signals in 3D space. Then the mask
function was implemented to characterize the colocalization of amyloid plaque distribution within
microglia surfaces. The mask feature allows to ignore signal intensity outside of ROI and generates a new
channel containing only voxels in the ROI using the D54D2 channel as the source channel. Imaris Surfaces
function were utilized again to detect and 3D render D54D2 signals in this new channel, allowing amyloid

plaque characterization restricted within microglia cells in 3D space.

Mouse behavior procedures
All behavioral assays were performed in the light cycle (7am to 7pm). Mice were tested sequentially in the
open field test, light-dark transition test, Y maze followed by novel object recognition test. All animals

were habituated to the behavior room for 30 minutes before any behavior procedures.

Open Field Test

The open field test was performed in a large cubic box (40cm L* 40cm W * 35cm H) with an uncovered
opening at the top. During the test, animals were placed at the center of the arena and allowed to freely
explore the entire field for 10 minutes. Over this course, parameters including the movement of the tested

animal, the total travel distance and the time spent at various regions in the arena were recorded.
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Light-Dark Transition Test

The Light-Dark Transition test was performed in an equally illuminated rectangular box divided equally
into two chambers by a partition with a door. The dark chamber (42cm L* 20cm W * 35cm H) and the
partition door were made of opaque black Perspex walls and ceiling, while the light chamber (42cm L*
20cm W * 35cm H) was made of transparent Perspex walls and ceiling. A tested mouse was first placed in
the dark chamber for 10 seconds with the partition door closed, and then allowed to freely explore the entire
arena (light chamber and dark chamber), with the open partition door for 10 minutes. The entire travel

distance and time spent in each chamber were recorded.

Spontaneous alternation Y maze test

The Y maze used in this assay contains three identical arms at 120 degrees from each other. Each animal
was introduced to the center of the maze and was allowed to explore freely in the maze for 8 minutes. The
overall number of arm entries and alterations were recorded. In this assay, the alteration percentage was

defined as: Number of triads containing entries into all three arms/(total number of arm entries-2)*100.

Novel Object Recognition Test

The Novel Object Recognition Test was performed in a white opaque Perspex box with an uncovered top
(40cm L* 40cm W * 35cm H). This test was divided into three phases (4 days): the habituation phase (day
1), the training phase (day 2 and day 3) and the testing phase (day 4). Experiments on each day started at
around the same time over the day. During habituation (day 1), the tested mouse was placed at the center
of box and allowed to freely explore the entire box for 10 minutes. On the following learning day (day 2),
two symmetrical objects (familiar objects) with identical shape, texture, brightness and color were
introduced to the box and positioned at two adjacent corners. A mouse was then placed at the center of the
box and allowed to freely explore the entire box for 10 minutes. Same procedures from day 2 were repeated
on day 3. On the testing day (day 4), one of the familiar objects was replaced by a novel object with different
shape, texture, brightness and color. A tested mouse was placed at the center of the box and allowed to
freely explore the entire box for 10 minutes. Parameters including the overall exploration time in the box,
time spent on the familiar object (7fumiiar) and time spent on the novel object (Tyover) Were all recorded on

the testing day. Discrimination index was calculated as DI= Tover /(Thover + Tamitiar)-

Reference
1. Hellmich, M. R., Pant, H. C., Wada, E. & Battey, J. F. Neuronal cdc2-like kinase: a cdc2-related

protein kinase with predominantly neuronal expression. Proc. Natl. Acad. Sci. 89, 10867 (1992).


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which

10.

11.

12.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

. Zhang, J. et al. Cdk5 Suppresses the Neuronal Cell Cycle by Disrupting the E2F1-DP1 Complex. J.

Neurosci. 30, 5219-5228 (2010).

. Ohshima, T. et al. Targeted disruption of the cyclin-dependent kinase 5 gene results in abnormal

corticogenesis, neuronal pathology and perinatal death. Proc. Natl. Acad. Sci. 93, 11173 (1996).

. Kwon, Y. T. & Tsai, L.-H. A novel disruption of cortical development in p35—/— mice distinct from

reeler. J. Comp. Neurol. 395, 510-522 (1998).

. Connell-Crowley, L., Le Gall, M., Vo, D. J. & Giniger, E. The cyclin-dependent kinase CdkS5 controls

multiple aspects of axon patterning in vivo. Curr. Biol. 10, 599-603 (2000).

. Chergui, K., Svenningsson, P. & Greengard, P. Cyclin-dependent kinase 5 regulates dopaminergic and

glutamatergic transmission in the striatum. Proc. Natl. Acad. Sci. U. S. A. 101, 2191-2196 (2004).

. Li, B.-S. et al. Regulation of NMDA receptors by cyclin-dependent kinase-5. Proc. Natl. Acad. Sci. U.

S. 4. 98, 12742-12747 (2001).

. Smith, D. S. & Tsai, L.-H. Cdk5 behind the wheel: a role in trafficking and transport? Trends Cell

Biol. 12, 28-36 (2002).

. Tanaka, T. et al. Neuronal Cyclin-Dependent Kinase 5 Activity Is Critical for Survival. J. Neurosci.

21, 550-558 (2001).

Gilmore, E. C., Ohshima, T., Goffinet, A. M., Kulkarni, A. B. & Herrup, K. Cyclin-Dependent
Kinase 5-Deficient Mice Demonstrate Novel Developmental Arrest in Cerebral Cortex. J. Neurosci.
18, 6370-6377 (1998).

Ko, J. et al. p35 and p39 Are Essential for Cyclin-Dependent Kinase 5 Function during
Neurodevelopment. J. Neurosci. 21, 6758-6771 (2001).

Delalle, 1., Bhide, P. G., Caviness, V. S. & Tsai, L.-H. Temporal and spatial patterns of expression of
p35, aregulatory subunit of cyclin-dependent kinase 5, in the nervous system of the mouse. J.

Neurocytol. 26, 283-296 (1997).


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zheng, M., Leung, C. L. & Liem, R. K. H. Region-specific expression of cyclin-dependent kinase 5
(cdk5) and its activators, p35 and p39, in the developing and adult rat central nervous system. J.
Neurobiol. 35, 141-159 (1998).

Wu, D.-C. et al. The Expression of CdkS5, p35, p39, and Cdk5 Kinase Activity in Developing, Adult,
and Aged Rat Brains. Neurochem. Res. 25, 923-929 (2000).

Patrick, G. N. ef al. Conversion of p35 to p25 deregulates Cdk5 activity and promotes
neurodegeneration. Nature 402, 615-622 (1999).

Smith, P. D. et al. Calpain-Regulated p35/cdk5 Plays a Central Role in Dopaminergic Neuron Death
through Modulation of the Transcription Factor Myocyte Enhancer Factor 2. J. Neurosci. 26, 440—
447 (2006).

Nguyen, M. D., Lariviére, R. C. & Julien, J.-P. Deregulation of Cdk5 in a Mouse Model of ALS:
Toxicity Alleviated by Perikaryal Neurofilament Inclusions. Neuron 30, 135-148 (2001).

Wang, J., Gu, B. J., Masters, C. L. & Wang, Y.-J. A systemic view of Alzheimer disease — insights
from amyloid-f3 metabolism beyond the brain. Nat. Rev. Neurol. 13, 612—623 (2017).

Lee, M. et al. Neurotoxicity induces cleavage of p35 to p25 by calpain. Nature 405, 360-364 (2000).
Fu, X. et al. Identification of Nuclear Import Mechanisms for the Neuronal Cdk5 Activator. J. Biol.
Chem. 281, 39014-39021 (20006).

Asada, A. et al. Myristoylation of p39 and p35 is a determinant of cytoplasmic or nuclear localization
of active cycline-dependent kinase 5 complexes. J. Neurochem. 106, 1325-1336 (2008).

Chang, K.-H. et al. CdkS is a major regulator of p38 cascade: relevance to neurotoxicity in
Alzheimer’s disease. J. Neurochem. 113, 1221-1229 (2010).

Chang, Y. et al. Role of heat-shock factor 2 in cerebral cortex formation and as a regulatorof p35
expression. Genes Dev. 20, 836—847 (2006).

Chang, K.-H., Vincent, F. & Shah, K. Deregulated CdkS5 triggers aberrant activation of cell cycle

kinases and phosphatases inducing neuronal death. J. Cell Sci. 125, 5124-5137 (2012).


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Tseng, H.-C., Zhou, Y., Shen, Y. & Tsai, L.-H. A survey of Cdk5 activator p35 and p25 levels in
Alzheimer’s disease brains. FEBS Lett. 523, 58-62 (2002).

Cruz, J. C., Tseng, H.-C., Goldman, J. A., Shih, H. & Tsai, L.-H. Aberrant Cdk5 Activation by p25
Triggers Pathological Events Leading to Neurodegeneration and Neurofibrillary Tangles. Neuron 40,
471-483 (2003).

Zhou, J., Wang, H., Feng, Y. & Chen, J. Increased expression of cdk5/p25 in N2a cells leads to
hyperphosphorylation and impaired axonal transport of neurofilament proteins. Life Sci. 86, 532—-537
(2010).

Wen, Y. et al. Transcriptional Regulation of B-Secretase by p25/cdk5 Leads to Enhanced
Amyloidogenic Processing. Neuron 57, 680—-690 (2008).

Seo, J. et al. Inhibition of p25/Cdk5 Attenuates Tauopathy in Mouse and iPSC Models of
Frontotemporal Dementia. J. Neurosci. 37, 9917-9924 (2017).

Zheng, Y.-L. et al. A CdkS inhibitory peptide reduces tau hyperphosphorylation and apoptosis in
neurons. EMBO J. 24, 209-220 (2005).

Wilkaniec, A., Gassowska-Dobrowolska, M., Strawski, M., Adamczyk, A. & Czapski, G. A.
Inhibition of cyclin-dependent kinase 5 affects early neuroinflammatory signalling in murine model
of amyloid beta toxicity. J. Neuroinflammation 15, (2018).

Posada-Duque, R. A., Palacio-Castafieda, V. & Cardona-Gomez, G. P. CDKS5 knockdown in
astrocytes provide neuroprotection as a trophic source via Racl. Mol. Cell. Neurosci. 68, 151-166
(2015).

Ma, Y. et al. Activated Cyclin-Dependent Kinase 5 Promotes Microglial Phagocytosis of Fibrillar -
Amyloid by Up-regulating Lipoprotein Lipase Expression. Mol. Cell. Proteomics MCP 12, 2833—
2844 (2013).

Luo, F. et al. Oligodendrocyte-specific loss of Cdk5 disrupts the architecture of nodes of Ranvier as

well as learning and memory. Exp. Neurol. 306, 92—104 (2018).


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

35. Yang, Y. et al. Cyclin dependent kinase 5 is required for the normal development of
oligodendrocytes and myelin formation. Dev. Biol. 378, 94—106 (2013).

36. Gomez Perdiguero, E. ef al. Tissue-resident macrophages originate from yolk sac-derived erythro-
myeloid progenitors. Nature 518, 547-551 (2015).

37. Marin-Teva, J. L. ef al. Microglia Promote the Death of Developing Purkinje Cells. Neuron 41, 535—
547 (2004).

38. Chu, Y. ef al. Enhanced synaptic connectivity and epilepsy in C1q knockout mice. Proc. Natl. Acad.
Sci. U. S. 4. 107, 7975-7980 (2010).

39. Stevens, B. et al. The Classical Complement Cascade Mediates CNS Synapse Elimination. Cell 131,
1164-1178 (2007).

40. Hagemeyer, N. ef al. Microglia contribute to normal myelinogenesis and to oligodendrocyte
progenitor maintenance during adulthood. Acta Neuropathol. (Berl.) 134, 441-458 (2017).

41. Neumann, H., Kotter, M. R. & Franklin, R. J. M. Debris clearance by microglia: an essential link
between degeneration and regeneration. Brain 132, 288-295 (2009).

42. Rotshenker, S. Microglia and macrophage activation and the regulation of complement-receptor-3
(CR3/MAC-1)-mediated myelin phagocytosis in injury and disease. J. Mol. Neurosci. 21, 65-72
(2003).

43. Nimmerjahn, A., Kirchhoff, F. & Helmchen, F. Resting Microglial Cells Are Highly Dynamic
Surveillants of Brain Parenchyma in Vivo. Science 308, 1314-1318 (2005).

44. Davalos, D. et al. ATP mediates rapid microglial response to local brain injury in vivo. Nat.
Neurosci. 8, 752-758 (2005).

45. Verderio, C. & Matteoli, M. ATP Mediates Calcium Signaling Between Astrocytes and Microglial
Cells: Modulation by IFN-y. J. Immunol. 166, 6383—6391 (2001).

46. Ransohoff, R. M. & Perry, V. H. Microglial Physiology: Unique Stimuli, Specialized Responses.
Annu. Rev. Immunol. 27, 119-145 (2009).

47. Aloisi, F. Immune function of microglia. Glia 36, 165-179 (2001).


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

48. Streit, W. J., Walter, S. A. & Pennell, N. A. Reactive microgliosis. Prog. Neurobiol. 57, 563—581
(1999).

49. Mathys, H. et al. Single-cell transcriptomic analysis of Alzheimer’s disease. Nature 570, 332-337
(2019).

50. Mathys, H. et al. Temporal Tracking of Microglia Activation in Neurodegeneration at Single-Cell
Resolution. Cell Rep. 21, 366-380 (2017).

51. Keren-Shaul, H. ef al. A Unique Microglia Type Associated with Restricting Development of
Alzheimer’s Disease. Cell 169, 1276-1290.e17 (2017).

52. Karch, C. M. & Goate, A. M. Alzheimer’s disease risk genes and mechanisms of disease
pathogenesis. Biol. Psychiatry 77, 4351 (2015).

53. Guerreiro, R. et al. TREM2 Variants in Alzheimer’s Disease. N. Engl. J. Med. 368, 117-127 (2013).

54. Yeh, F. L., Wang, Y., Tom, I., Gonzalez, L. C. & Sheng, M. TREM?2 Binds to Apolipoproteins,
Including APOE and CLU/APQJ, and Thereby Facilitates Uptake of Amyloid-Beta by Microglia.
Neuron 91, 328-340 (2016).

55. Guan, J.-S. et al. CdkS5 Is Required for Memory Function and Hippocampal Plasticity via the cAMP

Signaling Pathway. PLOS ONE 6, 25735 (2011).


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which
F' '| was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
igure

A B C D GO: down_Cdk5KO

Cx3cr1-CreERT2; Cdk5™ small GTPase mediated signal transduction
Cdk5 cKO Control ]
Vehicle TAM —— —— Cdk5 cell morphogenesis:
= 10 . cellular component morphogenesis:
Control Cdk5 KO 465 8 . regulation of organelle organization-
. = s positive regulation of RNA metabolic process+
FACS sorting = < 6
o cell migration:
—+ L 4 regulation of GTPase activity
= 269 2 Ras protein signal transduction
E 0 = positive regulation of GTPase activity-
8 » (o)
- \(o O;l~ cell morphogenesis involved in differentiation:
N
00 08*' localization of cell

cell motility:
0 5 10 15 20

-log10 (p value)
E F DAPI Ibaf G o

Fow Z-Score

GO: up_Cdk5KO

mitotic cell cycle:
mitotic nuclear division
mitotic cell cycle process:

nuclear division-

150

100 .
50
0-

Control Cdk5cKO

Control

organelle fission

cell cycle:

cell cycle process:
cell division
cell cycle phase transition

mitotic cell cycle phase transition

Microglia count per ROI

sister chromatid segregation

chromosome segregation

0 15 30 45
-log10 (p value)

S
@]
$
(V)
K

<

Iba1 Control Cdk5 cKO L
c pHrodo in Iba1* microglia
< 5 8000,
2 3 6000 : '
‘ © a
g E 4000
= g i
= o 2 2000
c — = 2
(o] < T T o
(W) 5 U o Control Cdk5cKO
‘(_3 N & pHrodo in Iba1* microglia
el £
= 1.5
= £
o S 1.0 .
= 4 — -
: g 05 [
(@) L H .§ 0.0 :
2 Iba1 pHrodo-myelin Merge £ Control _ Cdk5cKO
U] Q.
wnn
% pHrodo in Iba1* microglia
v ©
= 17
c
(o) 1
o ==

pHrodo mean intensity (a.u.)
a o

13
Iba1+ process length Iba1+ Cell Volume Control Cdk5cKO
1 2000 P
B ng P pHrodo in Iba1* microglia
ER : Trso) L e} E
54 I E 5 2 2500 .
5 £ 1000 " E 2000 .
2 8 2 X 2 I .
@ o 2 1500
H 2 s00{ | — RS : I
a7 . 3 © 3 1000
6 o I 500
Control Cdk5cKO Control Cdk5cKO ;. o
E Control


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which

FI g ure 2 was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
A C E
E Open field E Light/Dark test 9 Novel Object Recognition
T 200 £ 60 %é 0.8,
5 © < ¥
> ™ < - .
-g 150 (X XJ] g 40 0e® i § 0-6 u
8 100 e = == g 0.4 .
g £ 20 . E
% 50 o £ 0.2
5 E 2
s 0 T =0 T a8 0.0 .
o Control Cdk5cKO X Control Cdk5cKO Control Cdk5cKO
B D Fg
. ) . g Novel Object Recognition
Open field = Light/Dark test =
~ 30 2 80 = 501
X . E . 2 40- .
g 20 . . S 60 . g 300 .
b 1 <, 40 . 3 Y
2 10 - 2 . 3 201 ::t C
g o0 2 20 "5 10_ Ld
(&) > . 2
Q a® o)
0 T 5 0 T o O
Control  Cdk5cKO E Control  Cdk5cKO E Control Ccdk5¢cKO
5]
G H z
Control Cdk5 cKO
’ ] Synaptophysin
200
£ = -
= & 150 .
o > IR
I°) £ 1001 [
o 2
3 £ 50
n§ £
0

Control  Cdk5cKO

| J
g VGAT puncta
& 20000
o . .
8 15000 _
(8] uy
ke = ’
3 3 10000{ —t
© 5000{ | —
-8 [ )
[ 0 T
2 Control Cdk5cKO


https://doi.org/10.1101/2020.05.12.090605

A

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 3

5XFAD; control

5XFAD; Cdk5 cKO

|
&

5XFAD; control

5XFAD; control A 5XFAD; Cdk5 cKO

5XFAD; Cdk5 cKO

—

" Z ..

Number of plaques per ROI

G | ‘\\

-1
Row Z-Score

°

~

DAPI

DAPI

Total plaque count

Control

Cdk5¢cKO

plaque volume per ROI (um

AB plaque

Total Plaque Volume

o
Control Cdk5cKO
5XFAD

Iba

O

Plaque count

Plaque count

FPKM

1

Small plaque count

N
a
S

2
1
1

-

O N b O © O

=3
S

S a
S S

a
S

138

o

_Contorl__CdkSeKO_

Cdk5

Hkkk

cardiov:

GO: down_5XFAD; Cdk5cKO

tube development:

cell activation

blood vessel development

leukocyte activation:

cytokine production

vasculature development

cell motility

localization of cell

I y dev

it

tube morphogenesis:

positive regulation of RNA metabolic process

Microglia count per ROI

)]

2004

150+

100

Control
5XFAD

5XFAD; Control

5XFAD; Cdk5cKO

12 g g 1010

Small plaque (<50pum?3)

5XFAD

Plaque size

Large plaque count

1

Plaque size

cell migration:

H

Cdk5cKO

Contorl Cdk5¢cKO
5XFAD

012345
-log10 (p value)

Iba1+ Cell Volume

Cell body volume(um?)

0-
Control Cdk5¢cKO

Iba1+ process length

process length(um)

Control Cdk5¢cKO
5XFAD

5XFAD; Cdk5 cKO

*
AD;.control

D

GO: up_5XFAD; Cdk5cKO

mitotic cell cycle:

mitotic nuclear division

mitotic cell cycle process:

cell cycle:

organelle fission

nuclear division

cell cycle process:

defense response to other organism
response to other organism
response to external biotic stimulus:
response to biotic stimulus:

innate immune response:

0 20 40 60
-log10 (p value)

5XFAD; control  5XFAD; Cdk5 cKO

—|-Stage 1 DAM signature—l

EE "R BN

Stage 2 DAM signature

Plaque Volume in Iba1* cells

100000
% 80000 "
S 60000 .
§ a0000{
£ 20000 ,
Control  Cdk5cKO
5XFAD
Clustered microglia
S 200  ——
* 150
5 .
2 100 =
g oq0®
g 50
@
=]
G

Control  Cdk5cKO
5XFAD



https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 4
A

E Open field
S 200~
B L]

& 150 oo ..
3 100-

8
@ 504
S
E =
E Control Cdk5cKO

5XFAD
C

g Light/Dark test
£

©

L

o

=

o

£

(/]

E

R Control Cdk5cKO

5XFAD
E

Novel Object Recognition

3
3 0.8
£ i =
c 0.6 o e
Q ole m
_g 0.41 oo
£ 0.2
(%]
(7]
oo T
Control Cdk5cKO
5XFAD

Open field

— 20+ .
X .
o 151
E
+ 101
]
5 5
(&)

c T

Control Cdk5cKO
5XFAD
D
Light/Dark test

Control Cdk5cKO

Latency to light chamber (s)

5XFAD

Novel Object Recognition

o
3

N WA O
e
L]
n

o
1

—
° 3

Cdk5cKO
5XFAD

Control

Novel object exploration time (s) M


https://doi.org/10.1101/2020.05.12.090605

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.12.090605; this version posted May 14, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 5

A

Cdk5KO

5XFAD; Cdk5KO

Down DEGs

Cdk5KO 5XFAD; Cdk5KO

Up DEGs

Z-score of gene abundance
o

GO: commonly_down

negative regulation of gene expression

positive regulation of phospholipid translocation
regulation of phospholipid translocation:

positive regulation of lipid transport

regulation of transcription by RNA polymerase Il

positive regulation of RNA metabolic process

negative regulation of cellular biosynthetic process
negative regulation of cellular macromolecule biosynthetic process:
negative regulation of biosynthetic process

regulation of cell cycle

positive regulation of transcription, DNA-templated
positive regulation of nucleic acid-templated transcription
negative regulation of macromolecule biosynthetic process:
heart morphogenesis:

positive regulation of RNA biosynthetic process

1 - genes: 110 2- genes: 19

0.0 0.5 1.0 1.5
-log10 (p value)

3- genes: 136

= -
w

GO: cluster 3

@)

GO: commonly_up

cell cycle:
mitotic cell cycle process
mitotic cell cycle:
cell cycle process
cell division
nuclear division
chromosome segregation
organelle fission
sister chromatid segregation:
nuclear chromosome segregation
chromosome organization
mitotic sister chromatid segregation:
type | interferon signaling pathway
cellular response to type | interferon
response to type | interferon

0 20 40 60

-log10 (p value)

GO: cluster 7

type | interferon signaling pathway-
cellular response to type | interferon
response to type | interferon:

innate immune response-

immune response-

chromatin organization:
leukocyte differentiation:

of i ‘ganism growth:
multicellular organism growth
lymphocyte differentiation:

00 05 1.0

-log10 (p value)

1.5 0

H

10 20 30
-log10 (p value)

WV
- K M e GO: cluster 8 GO: cluster9
4 - o ‘: v oy 0
1 N e 3 cell cycle process: leukocyte activation:
N 75
0 mitotic cell cycle process: viral process:
4 mitotic cell cycle: myeloid leukocyte activation:
o p o p ° s o _‘ ° T ° p cell division: protein poly-ADP-ribosylation
3 3 3 3 3 3 3 3 ] 3 5 3 0 20 40 60 80 00 05 1.0 15 20
5"( 2 H H E"'( Q E H 9 Q E H -log10 (p value) -log10 (p value)
s P T I s I
3 8 % & 3 3
colored E2 one_group
GO:up_all-conditions
Cdk5KO Cdk5KO; 5XFAD Cdk5KO Cdk5KO; 5XFAD mitotic cell cycle process:

5XFAD

Down DEGs

5XFAD

Up DEGs

cell cycle process:

cell cycle

mitotic cell cycle

nuclear division

type | interferon signaling pathway:
cellular response to type | interferon:
response to type | interferon:
response to virus:

negative regulation of viral process
defense response to virus
viral genome replication
of viral g replication

negative regul

negative regulation of viral life cycle
regulation of viral process:
10 15
-log10 (p value)

20 25


https://doi.org/10.1101/2020.05.12.090605

	Cdk5 microglia MS 051120 final
	Figure 1
	Figure 2
	Figure 3 
	Figure 4
	Figure 5

