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Abstract 

A continuous renewal of synaptic proteins is required for healthy functioning 

and activity-dependent synapse adaptations in the brain. Disruptions to protein 

turnover lead to impairments in learning and memory and contribute to age-

related cognitive decline and dementia. Protein turnover is thought to be tightly 

regulated in space and time, however, no technology to date has been able to 

visualise protein turnover and lifetime at individual synapses across the brain. 

In this thesis, we present insights into the architecture and temporal changes 

to the lifetime of an abundant post-synaptic density scaffolding protein PSD95 

at single-synapse resolution using a newly developed method. 

Transgenic mice carrying a HaloTag domain fused to the endogenous PSD95 

protein were intravenously injected with a fluorescent ligand that covalently 

binds the HaloTag domain. Fluorescent protein levels were visualized in brain 

sections using confocal microscopy, with loss of fluorescence over time used 

for estimating PSD95 protein decay. We employed Synaptome mapping 

pipeline to quantify the changes in numbers and morphological parameters of 

synaptic puncta. We performed a detailed examination of: (a) the lifetime of 

PSD95 in synapses of 110 brain regions, (b) the changes in protein lifetime 

with age of an animal, and (c) the effects of disease-relevant mutations in 

PSD95-interacting synaptic proteins on the turnover and lifetime of PSD95. 

Strikingly, a vast majority of PSD95 protein in synapses is replaced within two 

weeks and the synapses with longer lived protein reside in cortical and 

hippocampal brain regions, areas involved with long-term memory storage. 

PSD95-positive puncta half-life ranges more than 6-fold between brain regions 

in adult mice, from ~1-2 days in olfactory bulb and thalamic nuclei to ~10-12 

days in the superficial layers of the cortex.  

PSD95 lifetime increases with age across the brain and the protein lasts at 

least twice as long in synapses of ageing 18-month-old animals compared to 

synapses in developing 3-week-old mice. Between developing and adult brain, 

the most striking changes in turnover are observed in the cortical brain areas 
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which are known to undergo extensive synaptic pruning and remodelling 

during the first month of life in mice. With ageing, the largest increase in protein 

lifetime is detected in cerebellar areas. 

Disease-relevant mutations in post-synaptic density proteins interacting with 

PSD95 showed differing effects on PSD95 lifetime. The mice carrying a 

schizophrenia- and autism-relevant deletion of a gene that codes for PSD93 

protein showed a substantially increased lifetime of PSD95 compared to wild-

type animals, with a gene dose-dependent effect. In contrast, mice carrying an 

autism and intellectual disability-relevant mutation in a gene coding for 

SynGAP protein showed minor changes to PSD95 turnover displaying the 

sensitivity of the method to detect disease-specific effects on protein turnover 

and lifetime. 

In summary, synapse protein dynamics show a conserved spatial architecture 

with longest protein lifetime observed in regions involved with memory storage. 

Age-related increase in protein lifetime may contribute to memory impairments 

and dementia risk. The atlas of synaptic protein lifetimes will serve as a novel 

resource with applications in molecular neuroscience and brain disease 

research.  
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Lay Summary 

The proteins in connection sites between nerve cells need to be replaced with 

new on a regular basis in order to support healthy functioning of the brain. 

When proteins stay for too long or too short at the connection sites, called 

synapses, our ability to learn and remember becomes impaired and can lead 

to dementia and other brain diseases.  

In this thesis, we present a novel technology allowing us to visualize the 

dynamics of synapse proteins across the whole brain which was never before 

possible. We have mapped protein dynamics across 110 brain regions and 

show that, on average, we replace most of our synapse proteins every couple 

of weeks. We find that proteins last the longest in synapses in brain regions 

that process and store our memories. Protein dynamics slow down drastically 

with age which may explain more frequent memory problems in the elderly. 

Our results also indicate that genetic mutations that cause Schizophrenia 

make proteins stay for too long in synapses which may influence the ability to 

efficiently learn new information in Schizophrenic patients. 

Our results highlight the important aspects of synapse protein dynamics and 

their relevance to disease and ageing. The comprehensive maps of whole 

brain synapse protein dynamics will become a useful resource for researchers 

working on synapse biology and brain disorders.
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Chapter 1 Introduction 
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1.1 Protein turnover 
1.1.1 “The dynamic state of body constituents” 

Up until late 1930s, living organisms were assumed to be like stable chemical 

engines, burning exogenous fuels but not undergoing metabolic 

transformations (Schoenheimer, 1942, Goldberg and Dice, 1974, Hawkins, 

1991). The shift in thinking came when Schoenheimer and colleagues for the 

first time showed that fatty acids, building blocks of fat, when fed to adult mice 

get incorporated into fat tissues of the body instead of being used up for energy 

and excreted (Schoenheimer, 1942, Rittenberg and Schoenheimer, 1937). 

Schoenheimer was able to detect exogenously supplied fatty acids by 

pioneering the use of heavy isotope labelling of organic compounds and in this 

study labelled fatty acids with a heavy isotope deuterium. The evidence for 

continuous replacement of body constituents was strengthened by the fact that 

the overall weight of fat tissue did not change after feeding isotope-labelled 

fatty acids suggesting that old fatty acids in the body got replaced by new 

(Schoenheimer, 1942, Rittenberg and Schoenheimer, 1937). The studies of 

metabolism were soon expanded into the field of proteins and protein turnover 

to show that proteins, too, incorporate isotope-labelled amino acids fed to adult 

mice (Ratner et al., 1940, Schoenheimer, 1942). In his last book 

Schoenheimer coins the term “the dynamic state of body constituents” that 

goes on to fuel future research into the continual renewal and remodeling of 

living things. 

1.1.2 Definitions: protein turnover and half-life 
Before proceeding into interesting aspects of protein turnover, several terms 

should be defined to avoid future confusion: 

• Protein synthesis refers to the ribosome-mediated assembly of 

amino acids as guided by a protein-specific mRNA sequence.  

• Protein degradation refers to the reduction of protein into its 

constituent amino acids. Protein degradation may occur via two 

major pathways: ubiquitin-proteasome system (UPS) and 

autophagy. 
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• Protein turnover is the balance between protein synthesis and 

degradation.  

• Half-life is the average time it takes for a quantity to reduce to half 

of its original value. 

Previous studies have often referred to protein turnover when describing the 

movement or redistribution of molecules within a cellular compartment, 

inactivation of protein by posttranslational modifications or the turnover of 

whole cells. In this thesis, protein turnover will strictly refer to the processes of 

synthesis and degradation of proteins. 

1.1.3 Relationship between protein synthesis and 
degradation 

Maintaining a set rate of protein turnover and a consistent protein lifetime 

requires coordinated actions of protein synthesis and degradation 

machineries. Franklin and Johnson (1998) observed that inhibiting protein 

synthesis rate by a specific percentage with protein synthesis inhibitors led to 

an almost equivalent percentage reduction in the rate of protein degradation. 

Similarly, when protein degradation was inhibited with inhibitors of proteasome 

activity, a coordinated reduction in protein synthesis was observed (Alvarez-

Castelao et al., 2020). While the detailed mechanism of the relationship or 

coupling of protein synthesis and degradation is not yet known, several 

molecular interactions linking the two processes have now been identified. 

Protein translation initiation factor eIF3 was found to interact with proteasomal 

subunit 19S  as revealed by affinity purification of eIF3 protein complexes in 

yeast (Sha et al., 2009). Another regulator of protein translation initiation, 

eIF2!, was found to undergo increased phosphorylation in response to 

inhibition of proteasomal activity (Alvarez-Castelao et al., 2020). Heme-

regulated inhibitory kinase (HRI) facilitated the phosphorylation of eIF2! 

resulting in downregulation of protein synthesis. A recent study by Pandey et 

al. (2021) revealed a link between protein degradation via autophagy pathway 

and protein synthesis. The inhibitory avoidance learning task in rats led to 

upregulation in autophagy and lysosomal degradation proteins which was not 
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due to increased levels of the mRNA of these proteins but was fuelled by 

increased translation of the already existing mRNAs. 

Tight coupling of protein synthesis and degradation machineries might be 

particularly important for removal of misfolded or otherwise defective newly 

made proteins. Over 30% of newly synthesized proteins get rapidly degraded 

due to defects in their structure, and close physical proximity of ribosome and 

proteasome may be needed for quick and effective degradation (Schubert et 

al., 2000, Sha et al., 2009). Future studies should aim to further dissect the 

molecular mechanisms that couple protein synthesis and degradation 

pathways, assess their interaction, and investigate whether there are different 

coupling mechanisms for regulating the lifetime of healthy versus defective 

proteins. 

1.1.4 Possible physiological roles of protein turnover 
Protein turnover has been shown to occur in eukaryotes and prokaryotes, all 

tissues, cell types and proteins (Ross et al., 2021, Hinkson and Elias, 2011, 

Hawkins, 1991). Since protein turnover is an energetically expensive process 

(Hawkins, 1991, Bier, 1999), there must be an evolutionary advantage to 

continuously degrading and replacing cellular proteins. While the precise role 

of protein turnover is not yet known, several potential benefits of the process 

are described below. 

1.1.4.1 Removal of abnormal proteins 
Protein turnover is important for removal of aberrantly folded or faulty proteins 

(Goldberg and Dice, 1974, Santra et al., 2019). While protein translation is a 

highly accurate process (error rate only one per 103-104 codons), occasional 

mistakes that are left unfixed result in faulty proteins that cause cytotoxicity in 

the cell and need to be promptly degraded (Drummond and Wilke, 2008, Ogle 

and Ramakrishnan, 2005, Bucciantini et al., 2002). Some of the mutant 

proteins also tend to misfold and aggregate causing aberrant protein deposits 

well-documented in neurodegenerative diseases such as Alzheimer’s, 

Parkinson’s and Huntington’s disease (Soto and Pritzkow, 2018, Hartl, 2017). 

Proteolytic machinery in cells quickly responds to such mutated and misfolded 
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proteins and selectively degrades them (Goldberg, 2003, Goldberg, 1972, 

Hanna et al., 2019). The feature of aberrant protein degradation is particularly 

important for non-dividing cells, such as neurons, which cannot dilute the 

concentration of faulty proteins by cell division (Goldberg and Dice, 1974). 

1.1.4.2 Adaptation to changing environment 
Continuous turnover of proteins may contribute to organism’s ability to adapt 

to changes in its environment. Adaptation to environmental changes often 

occurs through upregulation of specific molecular pathways or increased 

synthesis of protective enzymes (Bleuven and Landry, 2016). The rate at 

which these adaptations occur at least in part depends on the turnover rate of 

molecular components involved (Berlin and Schimke, 1965). Studies looking 

into the responses of rat liver enzymes to cortisone administration have 

pointed out the positive relationship between the rate of enzyme turnover and 

the rate at which the concentration of the enzyme can change in response to 

stimulation (Berlin and Schimke, 1965). Enzymes that turn over faster were 

able to adjust their concentration to hormonal stimulation quicker compared to 

slower turning over enzymes. Interestingly, enzymes involved in rate-limiting 

or catalytic reactions were shown to have shorter lifetimes compared to those 

involved in regulatory activity (Martin-Perez and Villén, 2017, Goldberg and 

Dice, 1974, Berlin and Schimke, 1965). Rapid upregulation or downregulation 

of catalytic enzymes would be important for initiating biochemical reactions in 

response to changes in environment.  

Protein turnover must be particularly important when an organism attempts to 

adapt to poor environments or lack of nutrients. Rates of protein turnover have 

been shown to increase with starvation or changes in diet, activity and cellular 

environment (Schimke and Doyle, 1970, Martin-Perez and Villén, 2017, Heo 

et al., 2018b, Fornasiero et al., 2018). In such cases, upregulation of protein 

turnover may be useful for providing essential amino acids for the synthesis of 

required proteins (Schimke and Doyle, 1970). 
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1.1.4.3 Energy reservoir 
To follow on from the points above, protein turnover can help organisms 

withstand difficult times such as starvation (Goldberg and Dice, 1974). 

Carbohydrates and fats are preferentially utilised for energy in cells, but when 

the intake of glucose and fatty acids is insufficient, amino acids get broken 

down for emergency energy (Hayamizu, 2017, Felig et al., 1969, Goldberg and 

Dice, 1974). In such cases, protein degradation and turnover would allow the 

organism to rapidly mobilize and supply protein resources. 

1.1.5 Factors influencing protein turnover 
Protein turnover and lifetime can be affected by a number of factors, some 

inherent to the amino acid sequence and protein structure while others 

imposed by the external environment. Some of the experimentally identified 

relationships between protein lifetime and intrinsic and extrinsic factors are 

described below. 

1.1.5.1 Intrinsic factors 
1.1.5.1.1 Protein structure and conformation 

Proteins that fail to fold properly or have large exposed disordered regions tend 

to be preferentially targeted for degradation (Needham et al., 2019, Fishbain 

et al., 2015, van der Lee et al., 2014, Goldberg, 1972). Studies have found that 

in cases of premature termination of protein translation, frequent errors in 

translation or substitution of amino acids with their analogs can all affect 

protein lifetime (Goldberg, 1972). E. coli cells treated with puromycin, an agent 

that causes premature polypeptide chain termination by getting incorporated 

into the translated protein, show substantially increased protein degradation. 

Cells in which frequent mistranslation is common due to ribosomal protein 

ram1 mutation, also display shortened protein lifetimes. Similar situation is 

seen when amino acid analogs get incorporated into newly translated proteins. 

All of these modifications are thought to cause conformational changes or 

misfolding of the proteins thus promoting their degradation. 

Even in cases of healthy and unmutated proteins, inappropriate folding or large 

sequences of disorder lead to premature protein degradation. While 
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information for protein’s tertiary structure is contained within amino acid 

sequence, the exposure to cytosolic environment, as happens when the 

protein is being translated, can often interfere with folding of the peptide. 

Molecular chaperones help proteins through the folding and maturation 

process but are also there to detect the proteins that fail to fold (Needham et 

al., 2019). Chaperones recognize the surface-exposed hydrophobic 

sequences that should be hidden within the protein and initiate ubiquitination 

of the peptide. An internal disordered sequence is also essential for 

proteasome docking (Fishbain et al., 2015). In proteins that lack disordered 

regions, or such regions are not big enough for the proteasome to dock, the 

degradation does not proceed. 

1.1.5.1.2 Accessible surface area 
Several studies have pointed to the relationship between protein size and its 

half-life (Fornasiero et al., 2018, Miller et al., 1987, Goldberg and Dice, 1974). 

Large proteins tend to have bigger surface areas exposed to the cytosol which 

correlates positively with susceptibility to quicker degradation (Fornasiero et 

al., 2018). Interestingly, when proteins are assembled into oligomers or protein 

complexes, their accessible surface area tends to decrease thus increasing 

protein stability (Buchler et al., 2005, Miller et al., 1987). 

1.1.5.1.3 N-terminus amino acid 
The presence of certain amino acids in the N-terminus of a protein has been 

found to correlate with rapid turnover and short lifetime of the protein 

(Bachmair et al., 1986, Gawron et al., 2016, Martin-Perez and Villén, 2017). 

Bachmair et al. (1986) directly tested the role of amino acids at the N-terminus 

of the protein by constructing a gene in which yeast ubiquitin was linked to βgal 

of Escherichia coli and expressed in yeast cells. Through site-directed 

mutagenesis the researchers exchanged the original ATG codon at the 

ubiquitin-βgal junction into codons specifying 15 other amino acids and 

examined the lifetime of modified βgal protein in yeast after the original 

deubiquitination. Proteins with Arg, Lys, Phe, Leu, or Asp at the N-terminus 

had very short lifetimes, with half-lives of 2-3 minutes. In contrast, proteins 
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containing Met, Ser, Ala, Thr, Val, or Gly showed half-lives of ~20 hours. These 

findings have since been supported by further studies in yeast (Martin-Perez 

and Villén, 2017) and human cell lines (Gawron et al., 2016) and the 

phenomenon is often referred to as ‘N-end rule’. The presence of amino acids 

that correlate with fast turnover is thought to provide a supporting environment 

for N-terminal acetylation, which may be recognized by the N-end rule pathway 

and thus targeted to degradation (Gibbs et al., 2014, Martin-Perez and Villén, 

2017). 

1.1.5.1.4 Short linear sequence motifs 
Several peptide motifs, including PEST sequence, KFERQ motif, D-box and 

others, have been found to selectively target proteins for degradation 

(Rechsteiner and Rogers, 1996, Boisvert et al., 2012, Martin-Perez and Villén, 

2017). For PEST regions, by closely examining rapidly degrading proteins 

(Myc, Fos, Jun, p53 and others), researchers found regions of the proteins to 

be selectively enriched in proline (P), glutamate (E), serine (S) and threonine 

(T) (Rechsteiner and Rogers, 1996). PEST sequences were found to be 

hydrophilic stretches of at least 12 amino acids uninterrupted by positively 

charged residues. The knockout of PEST sequences from proteins resulted in 

dramatically increased protein stability and lifetime (Tsurumi et al., 1995, 

Ghoda et al., 1989, Colledge et al., 2003, Rechsteiner and Rogers, 1996). For 

example, wild-type c-Fos is a rapidly turned over protein with a half-life of 

around 10 minutes but a mutant c-Fos in which PEST sequence was removed 

could last 4-5 times longer (Tsurumi et al., 1995). Similarly, postsynaptic 

density protein PSD95 was also found to contain a PEST sequence at its N-

terminus (Colledge et al., 2003). While wild-type PSD95 gets ubiquitinated in 

response to NMDA receptor activation, ubiquitination and therefore 

degradation of PSD95 lacking the PEST sequence was dramatically reduced 

thus increasing protein lifetime (Colledge et al., 2003). 

Activity-dependent ubiquitination observed in PSD95 suggests that the 

activation of PEST sequence-dependent degradation may be conditional 

(Colledge et al., 2003, Ehlers, 2003). Indeed, researchers suggest that protein 



 9 

degradation is often increased by the conformational changes in the proteins 

and subsequent increased exposure of PEST sequences to the cytosol 

(Rechsteiner and Rogers, 1996). Ligand binding, phosphorylation and other 

modifications have been found to promote degradation of PEST sequence-

containing proteins via 26S proteasome (Figure 1.1).  

 

Figure 1.1: A comic illustration of 26S proteasome targeting the PEST sequence-
containing protein. Reprinted from Rechsteiner and Rogers (1996), Copyright (1996), with 
permission from Elsevier. 

 

1.1.5.2 Extrinsic factors 
1.1.5.2.1 Protein localization 

Protein lifetimes differ between tissue and cell types as well as cellular 

compartments (Fornasiero et al., 2018, Dörrbaum et al., 2018, Mathieson et 

al., 2018, Price et al., 2010, Lajtha et al., 1976, Lajtha, 1959). Out of heart, 

liver, muscle and brain tissues examined, brain tissue displays longest protein 

lifetimes (Lajtha, 1959, Lajtha et al., 1976, Fornasiero et al., 2018, Price et al., 

2010). At the level of cell types, in the brain neurons have longer protein 

lifetimes compared to glial cells (Fornasiero et al., 2018, Dörrbaum et al., 
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2018). Within individual cells, longest protein lifetimes are detected for 

nucleosome proteins, such as histones, which can last up to 1 year (Price et 

al., 2010). Mitochondrial proteins, myelin and extracellular matrix components 

are also long lived while proteins of cytosol, endoplasmic reticulum and 

proteins involved in DNA binding, RNA processing and protein production are 

significantly less stable (Fornasiero et al., 2018, Dörrbaum et al., 2018). In 

neurons, same set of proteins display longer lifetimes in synaptic fractions 

compared to whole-tissue homogenates (Heo et al., 2018b, Fornasiero et al., 

2018). Location-dependent differences in protein turnover may arise due to: 

(a) activity-dependent patterns, (b) crowdedness of the intracellular 

environment and resulting interconnectedness of proteins, (c) localization of 

different protein isoforms carrying specific susceptibility to degradation. 

1.1.5.2.2 Active use of protein 
When the protein is used actively, its turnover rate increases (Martin-Perez 

and Villén, 2017). Martin-Perez and Villén (2017) directly tested this 

relationship in yeast cells by tuning up activity in molecular pathway-specific 

manner and measuring protein turnover in activated versus non-activated 

cells. In the case of activating arginine biosynthetic pathway, only the proteins 

that were directly involved in metabolically synthesizing arginine were 

upregulated in cells not supplied with this amino acid with food. All other 

proteins did not show change in turnover between the two conditions. Similarly, 

(Ehlers, 2003) discovered that changes in activity levels in primary neuronal 

cells led to parallel changes in turnover rates of some of postsynaptic proteins, 

including NMDA receptor subunits NR1 and NR2B, scaffolding protein 

SAP102, AKAP79/150 and PP1. Interestingly, the relationship between activity 

and protein turnover was not straightforward for some of the proteins. For 

scaffolding protein PSD95, increased activity induced higher levels of 

ubiquitination of the protein and thus presumably degradation, but the overall 

turnover rate was not changed (Ehlers, 2003, Yi and Ehlers, 2005). Such 

disparity between rates of degradation and rates of turnover could be 

explained by changes in protein synthesis that do not co-ordinate with protein 

degradation in some cases. 
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1.1.5.2.3 Complex membership 
Proteins that belong to same molecular complexes on average tend to have 

similar half-lives (Mathieson et al., 2018, Martin-Perez and Villén, 2017, Price 

et al., 2010). Subunits of proteasome, ATP synthase, ribosome, and 

chaperonin complexes are among those to show the smallest variation of their 

half-lives, a result that has been observed in yeast (Martin-Perez and Villén, 

2017), a range of human non-diving cells (Mathieson et al., 2018) and mouse 

liver and brain tissue (Price et al., 2010). In the neuronal excitatory synapse, 

protein half-lives were found to be similar for subunits of mGluR, NMDA and 

AMPA receptors among others (Dörrbaum et al., 2018). Assembled complexes 

are thought to increase the stability of individual member subunits (Hinkson 

and Elias, 2011, Buchler et al., 2005) but it is not yet known if complex 

members turn over individually or all together. It has been suggested that some 

subunits may undergo targeted regulation of turnover that controls the activity 

of the whole complex (Hinkson and Elias, 2011). By adjusting the abundance 

of the critical subunit, cells could shift the balance between complex assembly 

and disassembly. Not all complexes, however, show homogeneous half-lives. 

Complexes composed of more heterogeneous proteins, such as microtubule 

and nucleosome complexes, display largely varied half-lives (Price et al., 

2010). The difference in homogeneity of half-lives in different complexes 

should be further investigated to uncover patterns and rules to the 

phenomenon. 

1.1.6 Summary 
All cells in living organisms undergo continuous protein replacement. Protein 

turnover allows for removal of abnormal proteins, contributes to adaptations in 

response to changing environment and acts as an emergency energy reservoir 

in cells. Protein stability and lifetime is determined by a number of protein-

intrinsic factors, including protein structure and conformation, accessible 

protein surface area, N-terminus amino acids and short linear sequence motifs 

that make protein susceptible to degradation by proteasome. External factors 

such as protein localization, active use of protein and complex membership 

can also influence the stability and lifetime of a cellular protein. 
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Given the dynamic nature of proteins in all living organisms, an interesting 

question arises about the stability of molecular substrates that store 

information in cells and organisms, including the storage of memory in neural 

systems. 

1.2 Neuronal synapse lifetime 
Learning and memory are thought to require enduring modifications in 

synapses, however, the resting or learning-induced stability of synapses is 

only now being uncovered. Below I review recent findings on structural and 

molecular synapse lifetime and turnover. 

1.2.1 Molecular synapse lifetime 
Proteins in the brain have an average half-life in the order of a few days to a 

couple of weeks (Price et al., 2010, Cohen et al., 2013, Fornasiero et al., 2018, 

Dörrbaum et al., 2018). Studies in primary cell cultures find the average protein 

half-life to be 4.14 days (Cohen et al, 2013) or 5.4 days as recorded by 

Dörrbaum et al. (2018). In vivo, protein lifetimes are longer and Price et al. 

(2010) find the median half-life to be 9 days. Most studies to date have 

measured protein lifetime in whole brain or whole-brain-region homogenates 

and only a few have looked specifically into synaptic preparations (Ehlers, 

2003, Heo et al., 2018b, Fornasiero et al., 2018). These studies find the lifetime 

of synaptic proteins to be slightly longer compared to proteins located outside 

of synapses (Fornasiero et al., 2018). To put these half-life numbers into 

perspective, a vast majority (>99%) of a protein that has a half-life of 5 days 

would be replaced within just over a month (35 days). A protein that has a half-

life of 9 days would be almost completely replaced (~0.7% remaining) in 

around two months (63 days). What this means is that neurons and synapses, 

structures thought to store long-term memories in the brain, replace all their 

molecular contents every month or two, a time period that is much shorter than 

that of memories that last a lifetime. 
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1.2.1.1 Age-related changes in protein lifetime 
Changes in rates of brain protein synthesis have been observed throughout 

the lifespan in rodents (Fando et al., 1980, Dwyer et al., 1980, Ekstrom et al., 

1980, Ingvar et al., 1985). During development, rates of protein synthesis 

decline in rat forebrain and cerebellum (Fando et al., 1980). During ageing, 

multiple studies find decreases in brain protein synthesis (Dwyer et al., 1980, 

Ekstrom et al., 1980, Ingvar et al., 1985). Dwyer et al. (1980) find an 11% 

decrease in protein synthesis in forebrain of rats between 3M and 10.5M of 

age and an additional 9% decrease between 16.5M and 22.5M. Ekstrom et al. 

(1980) record a dramatic 56% decrease in brain protein synthesis rates 

between 6M and 32M in rats. Ingvar et al. (1985) document changes in protein 

synthesis across 39 brain structures in rats and find that some but not all 

structures show a decrease in protein synthesis rates between 6M and 15-

32M. Most notable changes in protein synthesis with ageing were detected in 

granule cells of dentate gyrus, nucleus accumbens, locus coeruleus, 

cerebellar white matter, olfactory cortex, substantia nigra, superior colliculus, 

inferior colliculus and visual cortex. A number of brain regions affected are 

involved in auditory and visual information processing and authors reasoned 

that the changes in protein synthesis in these regions may be due to chronic 

lack of sensory stimulation (Ingvar et al., 1985). 

Previous studies were limited to looking into whole-brain or whole-region 

protein extracts and lacked synaptic specificity. Additionally, the above-

mentioned studies only examined the rates of synthesis of a population of 

proteins all pooled together and did not distinguish protein-specific patterns. 

Further experiments are needed to document not only the rates of synthesis 

but also the rates of degradation and thus the lifetime of different synaptic 

proteins in the brain. 

1.2.1.2 Activity-induced changes in protein lifetime 
Neuronal activity and sensory stimulation affect the rates of neuronal protein 

synthesis and turnover (Ehlers, 2003, Schanzenbächer et al., 2016, 

Schanzenbächer et al., 2018, Fornasiero et al., 2018, Heo et al., 2018b, 
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Dörrbaum et al., 2020, Jähne et al., 2021). To increase neuronal activity in in 

vitro preparations, neuronal cell cultures are treated with competitive GABAA 

receptor antagonist bicuculline (BIC). BIC treatment results in reduced 

average protein lifetimes in Ehlers (2003) study and a slight reduction in 

lifetimes in Heo et al. (2018b). Activity was also found to positively correlate 

with turnover of presynaptic proteins at single synapse level (Jähne et al., 

2021). Activity-dependent changes in turnover, however, are not universal 

across all proteins (Ehlers, 2003, Heo et al., 2018b, Schanzenbächer et al., 

2016, Schanzenbächer et al., 2018). For example, Ehlers (2003) recorded 

BIC-dependent decreases in protein half-life in NMDAR subunit NR2B, 

scaffolding protein SAP102, AKAP79/150 and PP1 but no changes in turnover 

were observed for NR2A, mGluR1, PSD95, Homer and CamKII synaptic 

proteins. Interestingly, Dörrbaum et al. (2020) found a global slowing down of 

protein turnover in cells treated with BIC contradicting the results discussed 

above. In this study, 43% of the examined proteome showed changes in 

protein synthesis or degradation in response to BIC treatment and most 

affected proteins showed a decrease in protein synthesis and/or degradation. 

A small fraction of proteins displayed an opposite behavior to enhanced activity 

with increased rate of protein synthesis and/or degradation therefore 

strengthening the evidence for protein-specific responses to activity 

(Dörrbaum et al., 2020). 

In vivo, increases in sensory stimulation which in turn increase neuronal 

activity result in shorter protein lifetimes of synaptic proteins (Heo et al., 2018b, 

Fornasiero et al., 2018). Mice exposed to environmental enrichment (EE) show 

an almost uniform shift towards increased turnover and shorter protein 

lifetimes in Heo et al. (2018b). EE exposure results in more moderate effects 

in Fornasiero et al. (2018) with some proteins showing an increase in turnover 

and a smaller fraction a decrease in turnover rates. Some of the proteins that 

show shorter lifetimes in response to EE include Synapsin-1, CASK, SynGAP, 

and Neurexin-4 (Fornasiero et al., 2018). In vivo findings, therefore, support 

those made in cell cultures and suggest that activity regulates synaptic protein 

turnover in a protein-specific manner. 
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Reduction in neuronal activity in vitro by an application of Na+ channel blocker 

tetrodotoxin (TTX) decreases the average rate of protein turnover (Ehlers, 

2003, Heo et al., 2018b, Dörrbaum et al., 2020, Schanzenbächer et al., 2016, 

Schanzenbächer et al., 2018). TTX affected 31% of quantified proteins in 

Dörrbaum et al. (2020) with most proteins showing a decrease in protein 

synthesis and/or degradation. Interestingly, TTX and BIC treatments appear to 

induce opposing effects on turnover of proteins sensitive to changes in activity 

(Ehlers, 2003). 

1.2.1.3 Protein turnover and disease 
Imbalance in protein synthesis and turnover have been implicated in a number 

of brain diseases (Louros and Osterweil, 2016, Soukup et al., 2018, Hipp et 

al., 2019, Jayaraj et al., 2020). Mutations in components of protein synthesis 

machinery cause several neurodevelopmental disorders, including autism 

spectrum disorders and intellectual disability (Louros and Osterweil, 2016). 

FMRP is a translational repressor protein that when mutated gives rise to 

Fragile X syndrome, one of the leading causes of autism spectrum disorder 

(ASD) and intellectual disability (ID) in children. Absence of FMRP protein 

results in excessive protein synthesis and affects important synaptic proteins 

like AMPARs and PSD95 (Qin et al., 2005, Muddashetty et al., 2007, Osterweil 

et al., 2010, Barnes et al., 2016). A mutation in another translational repressor 

protein CYFIP1 is known to cause ASD, ID and schizophrenia (Louros and 

Osterweil, 2016, De Rubeis et al., 2013, Haan et al., 2021). Mutation in 

SynGAP, an abundant postsynaptic protein, can lead to ASD and experimental 

models show increases in protein synthesis in dissociated cortical neurons 

from SynGAP mutants (Gamache et al., 2020, Wang et al., 2013). 

A number of neurodevelopmental disorders have also been linked to mutations 

in components of protein degradation machinery (Glessner et al., 2009, Louros 

and Osterweil, 2016). Perhaps the most well-known mutation occurs in E3 

ligase Ube3A that causes Angelman syndrome in children (Jiang et al., 1998). 

Ube3A regulates ubiquitination of activity-regulated protein Arc, an important 

player in activity-dependent molecular adaptations in synapses (Greer et al., 
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2010). In addition, Ube3A controls the degradation of tumor suppressor protein 

p53, a protein important for genome stability, progression through the cell cycle 

and apoptosis (Mishra and Jana, 2008). 

In ageing, dysfunctional proteostasis can cause accumulations of misfolded 

protein aggregates associated with neurodegenerative diseases, such as 

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease (Soukup 

et al., 2018, Hipp et al., 2019, Jayaraj et al., 2020). Additionally, mutations in 

members of protein degradation machinery have been directly implicated in a 

number of neurodegenerative diseases. For example, 5-10% of Parkinson’s 

disease cases have a genetic association and one of the most frequent causes 

of disease is the mutation in Parkin protein (Arkinson and Walden, 2018, 

Soukup et al., 2018). Parkin is a E3 ubiquitin ligase that is involved in 

mitochondrial quality control and turnover (Arkinson and Walden, 2018). 

1.2.1.4 Technical and biological limitations 
Majority of the studies examining protein lifetime to date have relied on bulk 

measurements from whole-brain or whole-brain-region homogenates and 

have failed to extract spatial information related to protein turnover. Protein 

turnover may be brain region-, cell type- or even synapse-specific which may 

carry important implications for neural signal processing and information 

storage in different brain areas, cells or synapses.  

I will now discuss recent findings on stability of synaptic structures in the living 

brain which uncover important trends in brain region- and synapse-specific 

regulation of structural synapse stability. 

1.2.2 Structural synapse stability 
Structural synapse stability refers to the stability of dendritic spines and axonal 

boutons, the post- and pre-synaptic sites, respectively. Studies examining 

structural synapse stability over time often rely on genetically or virally 

expressed fluorescent protein in the cytosol of a subset of neurons. The 

dynamics of synaptic structures is then recorded using 2-photon fluorescence 
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microscopy in living mice over days or weeks through a cranial window on the 

surface of mouse brain.  

In adult brain, 50 to 96% of dendritic spines in the superficial layers of the 

cortex are remarkably stable and persist for over 1 month (Trachtenberg et al., 

2002, Grutzendler et al., 2002, Zuo et al., 2005). The finding is consistent for 

different areas of the cortex, including somatosensory, visual, barrel, motor 

cortices and frontal areas (Table 1.1). 

Axonal boutons also display great stability, with ~85% of boutons of 

thalamocortical afferents and 40% of L6 axon terminal boutons in barrel cortex 

persisting over 1 month in adult mice (De Paola et al., 2006). In contrast, 

dendritic spines in the basal dendrites of hippocampal CA1 show much shorter 

lifetimes, suggesting that spine stability may differ between brain regions 

(Attardo et al., 2015, Pfeiffer et al., 2018). Attardo et al. (2015) visualized 

dendritic spine dynamics in CA1 via a micro-endoscope and found 100% of 

spines to turn over within 3-6 weeks. Pfeiffer et al. (2018) observed 40% of 

spines to turn over within 4 days by applying a ‘hippocampal window’ 

technique, in which a portion of somatosensory cortex is dissected out in order 

to access deeper areas of the brain. Structural synapse dynamics has not been 

examined in other regions of the brain yet and thus the extent and role of stable 

dendritic spines is yet to be confirmed. 
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Reference Area 

examined 

Animal 

age 

Findings 

Trachtenberg et al. 

(2002) 

L5 neurons of 
barrel cortex 

1.5-2.5M Stable spines (persist over 
1 month) ~50% population 

Grutzendler et al. 

(2002) 

 

L5 neurons of 
primary visual 

cortex 

4M ~96% spines remain stable 
over 1 month 

Zuo et al. (2005) 

 

L5 neurons of 
barrel, motor 
and frontal 

areas 

4-6M 3-5% spines eliminated and 
formed over 2 weeks. 

75% of spines present over 
18.5 months. 

Holtmaat et al. (2005) 

 

L5 and L2-3 
neurons of 

somatosensory 
cortex 

2-4M 
and  

6-7.5M 

Persistent spines (lifetime 
≧ 8 days) 66% in 2-4M and  

73% in 6-7.5M	

Attardo et al. (2015) 

 

Hippocampal 
CA1so 

2-3M 100% spine turnover within 
3-6 weeks 

Pfeiffer et al. (2018) 

 

Hippocampal 
CA1so 

4-12M 60% spine survival over 4 
days. 

Table 1.1: The summary of recent literature on the lifetime of synaptic structures in 
cortex and hippocampus. 

1.2.2.1 Synapse stability with age 
The stability of synaptic structures has been found to differ between 

developing, adult and ageing brain (Table 1.2). Studies in cortical brain areas 

in rodents reveal that dendritic spine stability increases from development to 

adulthood, with an increased fraction of stable spines found in adult brain 

(Grutzendler et al., 2002, Holtmaat et al., 2005, Zuo et al., 2005). Several 

reports point out that spine elimination exceeds spine formation in the brains 

of 1-month-old animals (Grutzendler et al., 2002, Zuo et al., 2005), the finding 

that aligns with extensive cortical circuit remodeling documented in developing 

brain (Mallya et al., 2019, Farhy-Tselnicker and Allen, 2018, Sakai, 2020, 

Paolicelli et al., 2011). Intriguingly, spine and axonal bouton stability was found 

to decrease with ageing in somatosensory cortex (Mostany et al., 2013, Grillo 

et al., 2013, Voglewede et al., 2019). Reduced stability here is due to an 

increased rate of addition and elimination of synapses but may or may not 

affect the fraction of stably maintained synapses, which was not assessed in 

the discussed studies. Changes in stability of synaptic structures across the 
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lifetime may point to changes in metabolic processes in neuronal cells and 

brain’s capacity to process and store information with age. 

Reference Area examined Animal age Findings 

Grutzendler et 

al. (2002) 

 

L5 neurons of 
primary visual cortex 

1M and 4M ↑ spine stability from 
1M to 4M (73% vs 

~96% stable spines). 

Holtmaat et al. 

(2005) 

 

L5 and L2-3 neurons 
of somatosensory 

cortex 

P16-25, ~1-
2M, ~2-4M 

and  
~6-7.5M 

↑ spine stability from 
development to 

adulthood  

Zuo et al. 

(2005) 

 

L5 neurons of barrel, 
motor and frontal 

areas 

1M and 4-6M ↑ spine stability from 
1M to 4-6M 

Mostany et al. 

(2013) 

 

L5 neurons of 
somatosensory 

cortex 

<1M, 3-5M,  
8-15M and 

>20M 

↓ in dendritic spine 
stability from 3-5M to 

8-15M and >20M 

Grillo et al. 

(2013) 

Thalamocortical and 
L6 axons in 

somatosensory 
cortex 

4-6M and  
22-24M 

↓ axonal bouton 
stability of 

thalamocortical and not 
L6 axons 

Voglewede et 

al. (2019) 

L5 neurons of barrel 
cortex 

3-5M and  
18-21M 

↓ spine stability 

Table 1.2: The summary of recent literature on the changes in structural synapse 
stability with age. 

 

1.2.2.2 Effects of learning and activity on synapse 
stability 

The link between learning and changes in synapse dynamics has been 

strengthened by many studies exploring the effects of a range of behavioral 

tasks on dendritic spine stability and turnover. Motor learning via rotarod or 

forelimb reaching task upregulates new spine formation and selective 

stabilization of dendritic spines in motor cortex formed during learning (Yang 

et al., 2009, Xu et al., 2009). Yang et al. (2009) also observe an increase in 

spine elimination but over longer periods (7-30 days compared to 2 days for 

spine formation) and (Ma et al., 2016) detects faster turnover rates in response 

to motor learning. Similarly, environmental enrichment, which exposes the 
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animals to novel sensory experiences, increases new spine formation and 

stabilization (Yang et al., 2009). Increased spine formation or elimination has 

been observed in auditory and frontal association cortices in response to fear 

conditioning, in which an animal learns to associate auditory cues with a foot 

shock (Lai et al., 2012, Moczulska et al., 2013, Yang et al., 2016). Interestingly, 

Moczulska et al. (2013) and Yang et al. (2016) recorded upregulation of spine 

formation while (Lai et al., 2012) observed increased spine elimination, which 

may be due to differences in the length of time the spines were recorded for 

during and after learning or differences in the fear conditioning paradigm used. 

Conflicting observations have also been recorded in response to sensory 

deprivation, whether whisker trimming or monocular deprivation (Lendvai et 

al., 2000, Trachtenberg et al., 2002, Holtmaat et al., 2006, Ma et al., 2016, 

Zhou et al., 2017, Seaton et al., 2020). In early development, Lendvai et al. 

(2000) find that the dendritic spines in barrel cortex are sensitive to whisker 

trimming at P11-13 but not P8-10 or P14-16 and show increased spine 

stability. In mature animals, studies detect increases in spine turnover 

(Trachtenberg et al., 2002), preferential stabilization of newly formed spines 

(Holtmaat et al., 2006, Seaton et al., 2020) or decreases in spine elimination 

(Ma et al., 2016). Age-dependent changes in dendritic spine response to 

sensory stimulation was directly observed by Voglewede et al. (2019). The 

authors found that whisker stimulation induces upregulation of dendritic spine 

turnover in adult 3–5-month-old animals but a downregulation of turnover in 

ageing 18–21-month-old mice. Decrease in dendritic spine turnover in ageing 

animals may contribute to inflexibility to learn and adapt to new environments. 

Importantly, several reports point to selective stabilization of spines formed 

during learning and preferential destabilization of previously persistent spines, 

which possibly points to spines that host new learning and old weak memories, 

respectively (Holtmaat et al., 2006, Yang et al., 2009, Xu et al., 2009, Seaton 

et al., 2020). Such synapse specific effects are important to record and analyze 

in more detail to uncover the molecular mechanisms at play in ‘learning’ and 

‘memory’ spines. 
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1.2.2.3 Structural synapse stability in disease 
Changes in dendritic spine stability and turnover have been documented in 

multiple rodent models of neurodevelopmental and neurodegenerative 

diseases, diseases affecting cognition, learning and memory in the affected 

individuals (Table 1.3). Fragile X syndrome is a frequent monogenic cause of 

intellectual disability (ID) and autism spectrum disorder (ASD). Dendritic spine 

formation and elimination is elevated in somatosensory and motor cortices in 

mice lacking Fmr1 gene, a mouse model for Fragile X syndrome (Cruz-Martín 

et al., 2010, Pan et al., 2010, Padmashri et al., 2013). Similarly, mice with 

MECP2 duplication, a mutation that is known to cause Rett syndrome in 

infants, show an increased turnover of dendritic spines in somatosensory 

cortex (Jiang et al., 2013). ASD-associated mutations in 15q11-13 region, 

NLGN-3 and a BTBR mouse model all show an increased turnover of PSD95-

positive dendritic spines over 2 days (Isshiki et al., 2014). Interestingly, Isshiki 

and colleagues find that the phenotype is specific to excitatory synapses since 

dendritic spines positive for an inhibitory synapse marker gephyrin do not show 

a change in turnover. Overall, animals carrying mutations associated with 

neurodevelopmental disorders display lower stability of dendritic spines in 

multiple areas of the cortex which may contribute to neural circuit instability in 

these diseases. 

Decreased stability of dendritic spines has also been detected in the cortical 

areas in rodent models of neurodegenerative diseases, such as Alzheimer’s 

disease and Huntington’s disease (Spires-Jones et al., 2007, Murmu et al., 

2013, Jackson et al., 2017). Jackson et al. (2017) show an increased turnover 

of dendritic spines in somatosensory cortex in a mouse model of tauopathy 

(mutation in rTg4510 gene). Spires-Jones et al. (2007) documented a specific 

increase in spine elimination in the vicinity of amyloid plaques in Tg2576 

mouse model of Alzheimer’s disease (AD). Murmu et al. (2013) looked into the 

early stages of Huntington’s disease (HD) and detected an increased spine 

formation and elimination in the somatosensory cortex of 1-month-old R6/2 

mutant mice compared to controls. Since early stages of HD are often 

accompanied by deficits in cognitive performance, the authors reasoned that 
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changes in dendritic spine stability observed prior to the onset of motor deficits 

could offer a biological mechanism for altered brain function (Murmu et al., 

2013). 

Several studies pointed to reduced numbers of persistent spines in disease 

mutants compared to controls in both, models of neurodevelopmental and 

neurodegenerative diseases (Pan et al., 2010, Della Sala et al., 2016, Murmu 

et al., 2013). The converging phenotype of reduced synapse stability and 

reduced numbers of persistent spines in brain diseases of young and old age 

suggests a possible requirement for a certain level of neural network stability 

to effectively carry out cognitive functions. 
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Reference Mutation Area 

examined 

Animal 

age 

Findings 

Cruz-Martín 

et al. (2010) 

 

Fmr1-KO 
(Fragile X 
syndrome) 

L2-3 neurons First 2 
weeks 

Delayed 
downregulation in 

dendritic spine 
dynamics during first 2 

weeks 

Pan et al. 

(2010) 

 

Fmr1-KO 
(Fragile X 
syndrome) 

L5 neurons of 
barrel cortex 

3W 
and 1M 

↑ spine formation and 
elimination. 

More short-lived new 
spines in KO 

Padmashri et 

al. (2013) 

Fmr1-KO 
(Fragile X 
syndrome) 

L5 neurons of 
primary motor 

cortex 

1.25M ↑ spine formation and 
elimination, and 

turnover. 

Jiang et al. 

(2013) 

MECP2 
duplication 

(Rett 
syndrome) 

L5 neurons of 
somatosensory 

cortex 

2M-5M ↑ spine formation and 
elimination, and 

turnover. 

Isshiki et al. 

(2014) 

15q11-13,  
NLGN-3, 

and BTBR 
(ASD) 

L2-3 neurons 
of 

somatosensory 
cortex and 

anterior frontal 
cortex 

3M ↑ PSD95-eGFP-
positive spine turnover 

over 2 days. 

Della Sala et 

al. (2016) 

CDKL5 
(ASD / 
atypical 

Rett 
syndrome) 

L5 neurons of 
somatosensory 

cortex 

~1-2M ↓ in persistent spines 
over 30 days (64% 

persisted in mutants 
compared to 75% in 

controls). 

Spires-Jones 

et al. (2007) 

 

Tg2576 
(AD) 

 8-10M 
and 18-

24M 

↑ spine elimination 
over 1hr in 18-24M, 
specifically in the 
vicinity of amyloid 

plaques. 

Murmu et al. 

(2013) 

R6/2  
(HD) 

L2-3 and L5 
neurons of 

somatosensory 
cortex 

1M ↑ spine formation and 
elimination over 6 

weeks. 
↓ probability that newly 

formed spines 
stabilized. 

Jackson et 

al. (2017) 

rTg4510  
(AD, FTD, 

and 
Tauopathy) 

Somatosensory 
cortex 

4-6.5M ↑ turnover of dendritic 
spines. 

Axonal boutons 
stabilized in mutants. 

Table 1.3: The summary of recent literature on the changes in synaptic structure 
stability in disease. 
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1.2.2.4 Technical and biological limitations 
Studies examining structural synapse stability provide important insights into 

the lifetime and turnover of subpopulations of synapses. Structural stability, 

however, does not necessarily directly correspond to functional stability and 

the functional stability will be at least in part determined by the stability of 

molecular networks within the synaptic structures. Analysis of protein lifetime 

in individual synapses would be one of the ways to address the stability of 

molecular synapse components. 

Dendritic spine and/or axonal bouton dynamics have not been explored in a 

vast majority of brain regions therefore our knowledge of synapse stability is 

limited to cortical and hippocampal CA1 brain areas. Additionally, the studies 

described above have observed and analyzed small numbers of synapses (in 

the order of 100s or 1000s) and therefore future studies should aim to design 

larger-scale unbiased surveys of synapse stability to strengthen and expand 

on the existing evidence. 

1.2.3 Summary 
Long-term memory storage is thought to require stable synaptic connections, 

but evidence suggests that a vast majority of synaptic structures and proteins 

inside them have lifetimes shorter than the life-long memories. Bulk 

measurements of brain or synaptic protein turnover indicate that majority of 

proteins get completely replaced within 1-2 months in adult rodents. Synaptic 

structures, including dendritic spines and axonal boutons, can last longer than 

proteins within them and some dendritic spines remain present throughout the 

mouse lifespan. Both, protein lifetime and the lifetime of synaptic structures, 

change throughout the lifespan, in response to activity and in cases of brain 

disease. 

Studies into structural synapse stability highlight the subpopulations of long-

lived and short-lived synapses which may have different molecular properties, 

including protein metabolism and lifetime. Since the traditional protein turnover 

studies lack the spatial resolution to identify synapse-specific differences, we 

propose to develop a method to visualize synaptic protein turnover at single-
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synapse resolution and map the lifetime of protein across multiple brain 

regions. We choose to focus on mapping the lifetime of an important excitatory 

postsynaptic protein PSD95.  

 

1.3 Post-synaptic density protein 95 (PSD95) 
PSD95 is a scaffolding protein and one of the most abundant proteins at the 

PSD (Chen et al., 2005). PSD95 belongs to Disc Large Homolog (DLG) family 

that has an important function of linking synaptic glutamate receptors with 

downstream signaling pathways. 

1.3.1 The DLG protein family 
The DLG protein family belongs to the superfamily of membrane-associated 

guanylate kinases (MAGUKs). In vertebrates, the DLG family is composed of 

four proteins: synapse-associated protein 97 (SAP97 or DLG1), post-synaptic 

density protein 93 (PSD93 or DLG2) synapse-associated protein 102 (SAP102 

or DLG3) and post-synaptic density protein 95 (PSD95 or DLG4). From a 

molecular perspective, DLG proteins contain conformationally independent 

modular domains that are connected with flexible polypeptide linkers (Vallejo 

et al., 2017). All DLGs contain 3 PSD95/Dlg/ZO-1 (PDZ) domains arranged in 

a tandem, a Src Homology 3 (SH3) domain and a guanylate kinase-like domain 

(GK). At the level of protein sequence, the 4 paralogs share 75% similarity in 

either mouse or human and are highly conserved between vertebrate species 

(Nithianantharajah et al., 2013). 

1.3.2 Functions of PSD95 
PSD95 has a range or roles in organizing synaptic molecular complexes, 

targeting glutamate receptors to synapses, ensuring the maturity and stability 

of synaptic contacts and in result contributing the learning, memory 

maintenance and brain diseases. Below I discuss the main functions of PSD95 

protein at the synapse. 
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1.3.2.1 A ‘synapse organizer’ 
PSD95 makes use of its different protein binding domains to organize the 

molecular signaling machinery of the PSD (Figure 1.2). The PDZ domains of 

PSD95 are specialized for binding to molecular elements present in the C-

terminus of other proteins, including glutamate receptors and signaling 

molecules (Kim and Sheng, 2004, Vallejo et al., 2017). Each PDZ domain in 

PSD95 has its specific binding partners but some target proteins can be 

promiscuous and bind to two or all three PDZ domains. Some of the interactors 

of PDZ domains are NMDAR subunits NR2A/B, AMPAR-binding protein 

stargazin, K+ channel Kir2.3, SynGAP and others. SH3 domain is used to link 

PSD95 with kainite receptor subunit 2 (Garcia et al., 1998). SH3 domain 

usually recognizes proline-rich sequences in target proteins but alternative 

recognition motifs have also been documented (Teyra et al., 2017). GK domain 

links PSD95 with downstream scaffolding proteins, including AKAP79/150 

(Colledge et al., 2000) and GKAP (Kim et al., 1997, Takeuchi et al., 1997). GK 

domain is homologous to yeast guanylate kinase but is catalytically inactive 

(Kuhlendahl et al., 1998) likely because of a point mutation, first identified in 

Johnston et al. (2011). SH3 and GK domains closely interact and can adopt a 

‘closed’ conformation that prevents the domains from binding other proteins 

(Wu et al., 2017, Rademacher et al., 2019). 
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Figure 1.2: PSD95 organizes post-synaptic proteins into functional molecular signalling 
networks. 

 

1.3.2.2 NMDAR complex assembly 
NMDA receptors modulate glutamatergic synaptic transmission and long-

lasting changes in synaptic strength though downstream molecular pathways 

(Husi et al., 2000). PSD95 interacts with NMDA receptors and while some 

studies suggest that the interaction occurs through the PDZ domain of PSD95 

and C-terminus of NMDAR subunit NR2 (Kornau et al., 1995, Niethammer et 

al., 1996), others find that PDZ interaction is not required for complex formation 

(Frank et al., 2016). In addition to interaction, PSD95 and NMDAR belong to 

the same multimolecular complexes, composed of receptors, adaptors, 

signaling, cytoskeletal and other proteins that work as molecular machines to 

process incoming neuronal signals (Husi et al., 2000). Analysis of endogenous 

NMDAR complexes from mouse and human forebrains revealed a partition of 

the complexes into two distinct populations of ~0.8 MDa and ~1.5 MDa in size 

(Frank et al., 2016). While the smaller complexes contained only subunits of 

NMDARs, ~1.5 MDa complexes were composed NMDAR subunits, ion 

channels (Kir 2.3), trans-synaptic adhesion molecules (Adam 22), scaffold 

(PSD95 and PSD93) and signaling (CaMKII") proteins (Frank et al., 2016). 
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Authors tested the mechanisms for assembly of these complexes and 

uncovered that PSD95, PSD93 and NMDAR subunit NR2B were essential for 

the formation of ~1.5 MDa multiprotein complexes and that this interaction did 

not require the PDZ binding to NR2B or NR2A (Frank et al., 2016, Frank and 

Grant, 2017). Absence of either PSD95, PSD93 or C-terminus of NR2B 

resulted in absence of ~1.5 MDa molecular complexes. ~1.5 MDa complexes 

increased in abundance with development and formed a substantial fraction of 

all NMDARs therefore suggesting their physiological importance in synapse 

signaling (Frank et al., 2016). It is important to note that not all PSD95 

participates in NMDAR multiprotein assemblies; in fact, ~1.5 MDa NMDAR 

complexes represent only ~3% of all multiprotein complexes containing 

PSD95 (Frank et al., 2017). 

1.3.2.3 Synaptic clustering of AMPARs 
The dynamic regulation of AMPA receptors presents a primary mechanism for 

modulating synaptic strength (El-Husseini et al., 2002). PSD95 interacts with 

AMPA receptors but indirectly, through a transmembrane AMPA receptor 

regulatory protein (TARP) called stargazin (Chen et al., 2000, El-Husseini et 

al., 2002, Schnell et al., 2002, Dakoji et al., 2003). PSD95 interaction with 

stargazin occurs via the PDZ domains 1 and 2 (Schnell et al., 2002, Ehrlich 

and Malinow, 2004) and this interaction is required for AMPA receptor 

targeting to the synapse (Chen et al., 2000, Bats et al., 2007). Increasing levels 

of PSD95 at synapses has been shown to correlate with increasing numbers 

of synaptically expressed AMPARs (El-Husseini et al., 2000, Schnell et al., 

2002, Colledge et al., 2003, Ehrlich and Malinow, 2004). Separate studies 

using super-resolution microscopy have described synaptic PSD95 and 

AMPARs concentrate into nanoclusters of ~70-80 nm in diameter which may 

act as functional units within individual synapses (Nair et al., 2013, MacGillavry 

et al., 2013, Broadhead et al., 2016). 

1.3.2.4 Synapse maturation and stability 
Presence of PSD95 in synapses has been linked to synapse structural and 

functional maturation and increased synapse stability (Berry and Nedivi, 2017, 
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Cane et al., 2014, Ehrlich et al., 2007, Elias et al., 2008, El-Husseini et al., 

2000). PSD95 is nearly absent in synapses early in development and only 

appears in the second postnatal week as it replaces its paralog SAP102 in 

many synapses (Cizeron et al., 2020, Sans et al., 2000). These observations 

suggest that PSD95 is not required for synaptogenesis per se. Indeed, 

Lambert et al. (2017) explore the timing of DLG protein accumulation in 

individual nascent spines in organotypic slice culture and find that PSD95 

accumulates in the spines 12-20 hours following new spine identification. 

SAP102, in contrast, reaches mature levels within 3 hours of new spine 

formation (Lambert et al., 2017). Overexpression of PSD95 has been found to 

drive earlier synapse maturation through the enhancement of synaptic AMPAR 

levels, increased size of the presynaptic terminal and the density of the 

dendritic spines (El-Husseini et al., 2000). Acute knockdown of PSD95 by 

RNAi, in contrast, results in delayed synapse maturation and decreased 

number of synapses expressing functional AMPARs (Ehrlich et al., 2007, Elias 

et al., 2008). Accumulation of PSD95 in dendritic spines has been associated 

with longer spine lifetimes and the presence of PSD95 is generally thought as 

a marker for stable synapses (Cane et al., 2014, Berry and Nedivi, 2017). 

1.3.2.5 Learning and memory 
Given the role of PSD95 in clustering AMPARs and assembling NMDAR 

complexes, it is perhaps unsurprising that PSD95 has a major role in learning 

and maintenance of memories. Mutants lacking PSD95 exhibit severe deficits 

in spatial learning in water maze, a task dependent on hippocampal NMDA 

receptor function (Migaud et al., 1998). The role of PSD95 has also been 

tested in the formation and maintenance of fear memories (Fitzgerald et al., 

2015). PSD95-KO mice did not differ from WT mice in their ability to acquire 

fear memory and the memory was stable 24 hours post learning. Two weeks 

later, however, PSD95-KO mice exhibited severe impairments in fear memory 

compared to controls suggesting that PSD95 is required for the long-term 

maintenance of memories (Fitzgerald et al., 2015). Further studies by Elkobi 

et al. (2008) examined the effects of acute knockdown of PSD95 by RNAi on 

ability to learn new tastes. PSD95 was found to be required for learning of 
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novel tastes but not the retrieval of already familiar ones (Elkobi et al., 2008). 

Finally, Nithianantharajah et al. (2013) assessed the role of PSD95 and its 

paralogs in several aspects of learning and cognitive functioning using 

touchscreen behavioral paradigms. PSD95 was shown to be required for the 

simplest forms of learning, such as operant conditioning, while PSD93 and 

SAP102 were needed for more complex forms of learning, cognitive flexibility 

as well as attention and response control (Nithianantharajah et al., 2013).  

1.3.2.6 Brain diseases 
Genes encoding PSD proteins have been implicated in over 130 human brain 

diseases (Bayés et al., 2011). Out of 118 core PSD95-interacting proteins, 49 

genes were found to be linked to diseases, including schizophrenia, mental 

retardation, bipolar disease, Alzheimer’s disease and others (Fernández et al., 

2009). Mutations in the gene encoding PSD95 protein have more recently 

been associated with schizophrenia (Purcell et al., 2014, Coley and Gao, 

2018), autism (Gilman et al., 2011, Stessman et al., 2017) and intellectual 

disability (Lelieveld et al., 2016). Reductions in PSD95 protein have been 

documented in grey matter of patients with schizophrenia (Catts et al., 2015) 

and Alzheimer’s disease (Yuki et al., 2014, Curran, 2018). 

1.3.3 PSD95 post-translational modifications 
The degradation and turnover of PSD95 protein can, together with removing 

the protein, erase a number of post-translational modifications (PTMs) that 

govern PSD95 localization, function, multiprotein complex assembly and 

synaptic plasticity. Below I discuss major PTMs affecting PSD95. 

1.3.3.1 Ubiquitination 
Ubiquitin is a small 76 amino acid protein that covalently attaches to lysine 

residues of substrate proteins (Vallejo et al., 2017). Ubiquitination is best 

known for tagging proteins to be degraded by the proteasome system. 

(Bianchetta et al., 2011) have identified five ubiquitination sites on PSD95: 

lysine 10 at N-terminus of the protein, lysine 403 that is located between PDZ3 

and SH3 domains as well as lysins 544, 672 and 679 located within GK protein 

binding domain. (Ma et al., 2017) identified additional ubiquitination sites at 
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lysines 491, 558 and 703. Authors of this study make a crucial distinction 

between two types of ubiquitination: K48- and K63-linked. Conventional chains 

linked through lysine 48 of ubiquitin target substrate proteins for degradation 

via the proteasome while ubiquitin chains linked through lysine 63 modulate 

protein interactions, activity, localization and trafficking (Ma et al., 2017). Some 

of PSD95 ubiquitination sites are susceptible to both K48- and K63-linked 

ubiquitination (e.g. K491, K544 and K672) while others are specific to either 

K48 (K703) or K63 (K558). K63-linked polyubiquitination in K558 was shown 

to be required for PSD95 interactions with proteins SPAR and GKAP/SASAP, 

interactions that are important for linking glutamate receptors with downstream 

signaling pathways. Additionally, the lack of K558 polyubiquitination affected 

the ability of PSD95 to localize in synapses. Ubiquitination of PSD95 was found 

to be activity-dependent and exposure to NMDA resulted in increase in PSD95 

ubiquitination and rapid removal from synaptic sites by proteasome-dependent 

degradation (Colledge et al., 2003). This increase in ubiquitination, however, 

must be K48-specific since NMDAR activation induces a drastic decrease in 

K63-linked polyubiquitination levels (Ma et al., 2017). K48 and K63 may 

therefore have reciprocal roles in ubiquitinating PSD95. 

1.3.3.2 Phosphorylation 
A reversible attachment of phosphate groups on serine, threonine and tyrosine 

residues by kinases represents one of the most wide-spread PTMs in 

synapses. Tens of phosphorylation sites have been identified for PSD95, some 

of which are located in protein binding domains while others in the interdomain 

sequences (Ballif et al., 2008, Pedersen et al., 2017). Phosphorylation of 

PSD95 affects the localization and stability of the protein as well as its ability 

to interact with binding partners and couple glutamate receptors to the 

downstream signaling pathways (Vallejo et al., 2017, Pedersen et al., 2017). 

Phosphorylation of tyrosine 533 and serine 295 increase synaptic localization 

of PSD95 (de Arce et al., 2010, Vallejo et al., 2017, Kim et al., 2007). In 

contrast, phosphorylation of threonine 19 or serine 73 is required for 

mobilization of PSD95 in response to neuronal activity (Nelson et al., 2013, 

Tsui and Malenka, 2006, Steiner et al., 2008, Nowacka et al., 2020). 



 32 

Phosphorylation occurring in the N-terminus or within protein binding domains 

often affects the ability of PSD95 to interact with other synaptic proteins. The 

activity of kinase CDK-5 on tyrosine 19, serine 25 and serine 35 of N-terminus 

balances the sizes of synaptic clusters of PSD95 and the ability of PSD95 

protein to cluster neuronal ion channels (Morabito et al., 2004). 

Phosphorylation of serine 561, located in GK domain of PSD95, regulates a 

conformational switch of the protein from open to closed. Nonphosphorylatable 

S561A mutation or inhibition of Par1 kinase activity leads to decreased 

interaction between SH3 and GK domains and causes PSD95 to adopt an 

open conformation (Wu et al., 2017). Open conformation induces higher 

stability of the protein, facilitates more interactions with binding partners but in 

return blocks structural plasticity of the dendritic spines. 

1.3.3.3 Palmitoylation 
Palmitoylation is a covalent attachment of palmitic acid, a saturated fatty acid, 

to specific cysteine residues via the formation of a thioester bond. Attachment 

of lipids changes the conformation of the affected proteins, increases their 

hydrophobicity and affinity to plasma membranes (Vallejo et al., 2017, Mumby, 

1997). PSD95 undergoes reversible palmitoylation at cysteines 3 and 5 (C3 

and C5) at the N-terminus of the protein (Topinka and Bredt, 1998, Craven et 

al., 1999). The attachment of palmitic acid has been shown to target PSD95 to 

synaptic membranes and removal of the modification expels PSD95 from the 

PSD (Craven et al., 1999, El-Husseini et al., 2002). Palmitoylation changes the 

conformation of PSD95 from ‘compact’ to ‘extended’ and only in the extended 

conformation the protein is able to associate with AMPARs and NMDARs 

(Jeyifous et al., 2016, El-Husseini et al., 2002). El-Husseini et al. (2002) show 

that palmitoylation of PSD95 is activity-dependent and dispersal of 

depalmitoylated PSD95 results in a selective loss of AMPAR subunits and 

AMPA receptor activity at synapses. The lipid-modification of PSD95 therefore 

is thought to not only modulate synaptic localization and molecular interactions 

of PSD95 but also contribute to molecular mechanisms of synaptic plasticity 

through regulation of AMPAR surface expression. 
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1.3.3.4 S-nitrosylation 
Nitric oxide (NO), a reactive oxygen species, binds to the thiol side chain of 

cysteine residues within proteins in a process called S-nitrosylation (Hess et 

al., 2005, Vallejo et al., 2017). PSD95 was found to be physiologically S-

nitrosylated at C3 and C5 by NO, the same residues that get affected by 

palmitoylation (Ho et al., 2011). As mentioned above, activity induces 

depalmitoylation of PSD95. At the same time, NMDA receptor activation 

causes calcium to enter the cells through the ion channel and bind calmodulin 

associated with nNOS and form NO. Newly generated NO nitrosylates PSD95 

blocking free cysteines and maintaining PSD95 in a depalmitoylated state (Ho 

et al., 2011, Vallejo et al., 2017). S-nitrosylation therefore dynamically 

regulates the balance between palmitoylated and depalmitoylated form of 

PSD95. 

1.3.3.5 Neddylation 
In neddylation, Nedd8 (neural precursor cell-expressed developmentally 

regulated gene 8) is conjugated to the lysine of its substrate proteins via a 

substrate-specific ligase, a process resembling ubiquitination (Vallejo et al., 

2017). Out of the MAGUK, Homer, GKAP and Shank scaffolding proteins 

tested, only PSD95 was found to be neddylated (Vogl et al., 2015). Neddylation 

occurred specifically on lysine 202 of PSD95, a residue that is located within 

PDZ 2 domain. Neurons containing mutant PSD95 in which neddylation on 

lysine 202 was impaired, failed to form mature dendritic spines despite normal 

PSD95 protein trafficking and retention in the spine (Vogl et al., 2015). 

Furthermore, blocking neddylation interfered with AMPA receptor clustering at 

the synapses and affected AMPAR-mediated currents (Brockmann et al., 

2019). 

In summary, post-translational modifications of PSD95 affect the localization 

and function of the protein and, in result, the structure and function of the PSD. 

While most of the discussed modifications are reversible, their removal is 

dependent on the presence of specific proteins and/or synaptic activity. The 

removal and replacement of PTM-modified PSD95 with newly made protein 
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offers one of the ways of erasing the ‘molecular memory’ of the protein and (to 

some extent) the PSD and bringing forward a blank slate for future ‘molecular 

learning’. 

1.3.4 Synthesis and degradation of PSD95 
PSD95 protein synthesis occurs both, in neuronal soma and locally in the 

dendrites (Rangaraju et al., 2017). During mRNA translation, multiple 

ribosomes can associate with individual mRNA, a complex known as polysome 

or polyribosome, leading to multiple copies of the encoded protein (Biever et 

al., 2020). Polyribosomes have been shown to localize not only to neuron cell 

bodies but also to dendrites and axons (Bodian, 1965, Steward and Fass, 

1983, Ostroff et al., 2002, Ostroff et al., 2018, Hafner et al., 2019). Similarly, 

functional single ribosome associations with mRNA (monosomes) have been 

observed across the dendritic tree and axonal processes (Biever et al., 2020). 

For local translation, dendritically localized ribosomes would have to associate 

with dendritically localized mRNA transcripts. Several studies detect 

dendritically localized PSD95 mRNA in primary cell cultures (Donlin-Asp et al., 

2021, Ifrim et al., 2015, Cajigas et al., 2012) and in brain tissue (Cajigas et al., 

2012, Subramanian et al., 2011, Zalfa et al., 2007, Muddashetty et al., 2007). 

Ribosome profiling (Ribo-seq) of dendritically localized polysomes and 

monosomes captures PSD95 mRNA as one of the substrates (Biever et al., 

2020) and locally translated PSD95 can be observed in vitro and in fixed brain 

tissue (Ifrim et al., 2015, Butko et al., 2012). The extent to which local protein 

translation contributes to dendritic protein supply remains to be confirmed, but 

Cajigas et al. (2012) estimate that as much as 30% of cell’s PSD95 mRNA is 

located in dendrites, a measurement made in neurons of rat hippocampal CA1. 

Substantial contribution of local translation to neuron proteome maintenance 

may allow for more rapid and specific stimulus-dependent proteome 

adaptations.  

The degradation of PSD95 is mediated by ubiquitin-proteasome system 

(Colledge et al., 2003, Tsai et al., 2012) and can occur in cell soma or locally 

in the dendrites (Bingol and Schuman, 2006). Subunits of proteasome are 
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detected in neuronal dendrites and spines suggesting that the molecular 

degradation machinery is available for local protein hydrolysis (Bingol et al., 

2010, Bingol and Schuman, 2006). E3 ligase targeting PSD95 protein for 

degradation is Mdm2 (Colledge et al., 2003). Colledge et al. (2003) found 

Mdm2 to be expressed in synapses, dendrites and cell bodies in primary 

neuronal cell culture providing further evidence for possible local degradation 

of PSD95 proteins. 

Overall, PSD95 protein can be synthesized and degraded either in the cell 

soma or in the dendrites and synapses providing two complementary 

mechanisms for regulating PSD95 protein amounts, protein spatial distribution 

and lifetime. Local regulation of protein synthesis and degradation may result 

in synapse-specific rates of protein turnover, an intriguing possibility that is yet 

to be tested. 

1.3.5 PSD95 protein lifetime estimates 
PSD95 protein lifetime has previously been measured in primary cell cultures 

(Ehlers, 2003, El-Husseini et al., 2002, Cohen et al., 2013, Kratschke, 2018, 

Heo et al., 2018a, Heo et al., 2018b) and in vivo (Fornasiero et al., 2018, Heo 

et al., 2018b, Price et al., 2010). Previous findings for PSD95 half-life are 

summarized in Table 1.4. PSD95 half-life was found to range from 8 hours in 

an in vitro measurement to ~30 days measured in vivo. On average, protein 

lifetime estimates were smaller in vitro compared to in vivo as is well 

documented (Cohen and Ziv, 2019, Alvarez-Castelao and Schuman, 2015). 

Even between measurements made in vitro (and similar for in vivo) we see a 

large variation in half-life values, the difference between the smallest and 

largest estimates being 11-fold. Some of the differences observed may be 

explained by: (a) regions of the brain and/or parts of the cell used for analysis 

and (b) the number and spacing of time points used for estimating the half-life. 

Ehlers (2003), Cohen et al. (2013) and Heo et al. (2018b) examine PSD95 

lifetime in primary cortical neurons, El-Husseini et al. (2002) carry out 

measurements in primary hippocampal neurons, and Kratschke (2018) 

estimates PSD95 half-life from both, cortical and hippocampal cultures. 
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Additionally, Ehlers (2003) and Kratschke (2018) focus exclusively on 

synaptically localized PSD95 in cell cultures while El-Husseini et al. (2002) and 

Cohen et al. (2013) prepare extracts from whole cells which may also include 

non-synaptic PSD95. For in vivo studies, Price et al. (2010) carry out 

measurements on whole brain homogenates while Heo et al. (2018b) focus on 

synaptosomes from cortex and hippocampus and Fornasiero et al. (2018) 

carry out measurements on tissue homogenates and synaptosome 

preparations from cortex and cerebellum. All studies use different numbers of 

time points for sample collection after labelling and space them out over varied 

number of days. The number of time points used for sample collection ranges 

from 2 in Heo et al. (2018b) to 9 in Price et al. (2010). Larger number of time 

points provides more information for fitting of exponential decay function and 

may result in more accurate half-life values. In terms of spacing of time points, 

some studies followed PSD95 for a maximum of 48 hours (Ehlers, 2003, 

Kratschke, 2018) while others tracked protein decay for up to 32 days (Price 

et al., 2010). Despite the differences in experimental protocols for measuring 

PSD95 half-life, the studies identify PSD95 half-life to be in the order of hours 

(in vitro) or days (in vivo). The measurements carried out in the discussed 

studies, however, relied on bulk protein extracts and thus lacked spatial 

resolution to identify and document cell-type- or synapse-specific protein 

lifetimes. 

Higher spatial and temporal resolution for measuring PSD95 protein lifetime 

was achieved using FRAP (fluorescence recovery after photobleaching). 

Several in vitro (Nakagawa et al., 2004, Sharma et al., 2006, Kuriu et al., 2006, 

Hruska et al., 2015) and in vivo (Gray et al., 2006) studies estimated PSD95 

lifetime to be in the order of minutes to hours. FRAP measurements, however, 

are very sensitive to diffusion and other movement of molecules in addition to 

protein turnover which may affect the interpretation of half-life estimates. 
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Reference Model system Estimation 

method 

PSD95 half-life 

Ehlers 

(2003) 

Rat primary cortical 
neurons 

(synaptosomes) 

35S - Met 8 hours 

El-Husseini 

et al. (2002) 

Rat primary 
hippocampal neurons 

35S - Met 36 hours 

Cohen et 

al. (2013) 

Rat primary cortical 
neurons 

SILAC: lysine 
(13C6, 15N2) 

and arginine 
(13C6, 15N4). 

3.67 days 

Price et al. 

(2010) 

Mouse (in vivo) 15N-enriched 
Spirulina 
platensis 

15.3 days 

Heo et al. 

(2018b) 

Mouse (in vivo), 
synaptosomes from 

cortex and 
hippocampus & rat 

primary cortical 
neurons 

L-Lysine 13C6 1.74 days (in vitro), 
~30 days (in vivo) 

Fornasiero 

et al. (2018) 

Mouse (in vivo), 
synaptosome from 

cortex and cerebellum 

L-Lysine 13C6 Homogenate (days): 
cortex = 15.66, 

cerebellum = 11.70. 
Synaptosomes (days): 

cortex = 16.43, 
cerebellum = 12.73. 

Kratschke 

(2018) 

 

Mouse primary 
hippocampal and 
cortical neurons 

HaloTag 
fluorescence 
pulse-chase 

~36 hours 

Table 1.4: The summary of recent literature on PSD95 protein lifetime estimates. 

 

1.3.6 Summary 
PSD95 is an important scaffolding protein and one of the most abundant 

proteins in the PSD. PSD95 clusters glutamate receptors at the synapse and 

links these receptors to downstream signaling pathways to form functional 

molecular networks. Maturation of synaptic connections requires PSD95 as 

does learning and memory storage in the brain. Mutations in PSD95 or its 

interacting proteins have been linked to a number of neurodevelopmental, 

psychiatric and neurodegenerative disorders. The localization and function of 
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PSD95 is modulated by multiple post-translational modifications which could 

in theory be erased by the replacement of ‘old’ PSD95 protein with ‘new’. 

PSD95 is synthesized and degraded both, at the cell soma and locally in the 

dendrites, and the lifetime of PSD95 is in the order of a few hours in vitro or a 

few days in vivo as recorded from bulk protein preparations. 

 

1.4 Thesis aims and outline 
1.4.1 Develop methods for in vivo brain wide single-synapse 

resolution mapping of protein lifetime 
In order to visualize and track synaptic protein lifetime, I propose to adapt the 

HaloTag technology for in vivo fluorescence labelling. HaloTag protein is a 

modified haloalkane dehalogenase, a bacterial protein that was designed to 

irreversibly bind to small synthetic ligands, called HaloTag ligands (Los et al., 

2008b). HaloTag protein can be fused to any protein of interest and has 

previously in the lab been fused to endogenous PSD95 (Figure 1.3A). 

HaloTag ligands can be coupled to a variety of moieties, including fluorescent 

dyes, affinity tags and surface ligands for protein immobilization, through a 

chloaralkane linker (England et al., 2015). For this thesis, I aim to use 

fluorophore coupled HaloTag ligands to visualize the endogenous PSD95. I 

aim to inject HaloTag ligands into living animals and label PSD95 with a 

fluorescent date-stamp (Figure 1.3B). I could then measure the lifetime of 

PSD95 by visualizing the duration that the fluorescent label is retained. 

PSD95 is primarily located in synaptic structures which are known to be 

dynamic and to have a lifetime of several days to several months. In my 

studies, it will be important to dissect the contribution of synaptic structure 

turnover to the protein lifetime measurement as observed by decay of 

fluorescently labelled PSD95. Additional markers of synapses will be required 

and one of the following routes could be taken: (a) employing additional 

fluorescent markers of stable synaptic proteins (e.g. other scaffolding proteins) 

and (b) labelling a subpopulation of neurons in PSD95-HaloTag mice with a 

fluorescent dye that fills the dendrites and reveals synaptic structures. 
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Figure 1.3: Adapting HaloTag technology to visualise and measure PSD95 protein 
lifetime in mouse brain. (A) HaloTag protein is fused to the endogenous PSD95. HaloTag 
protein acts as a receptor for HaloTag ligand-dye compounds and forms a covalent bond with 
the ligands. (B) Injection of HaloTag ligands into living animals to fluorescently label PSD95-
HaloTag fusion protein. 

 

In order to visualize HaloTag-labelled synaptic PSD95 across large areas of 

brain tissue, I could employ previously in-house developed single-synapse 

resolution mapping technologies (Figure 1.4).  Here, fluorescent tags inserted 

into endogenous synaptic proteins can be visualized across the brain using 

single-synapse resolution (~280 nm in xy) fast spinning disc confocal 

microscopy. Synapse molecular and morphological characteristics can then be 

extracted for different brain regions and subregions. Several peer-reviewed 

studies have already documented the diversity of synapses in adult mouse 

brain in health and disease (Zhu et al., 2018) and the changes in synapse 

composition occurring throughout the lifespan (Cizeron et al., 2020). I propose 

to exploit the strengths of these mapping technologies in my studies to achieve 

single-synapse resolution large-scale mapping of fluorescent HaloTag 

markers. 

 

Figure 1.4: A summary of in-house developed single-synapse resolution mapping 
pipeline. Fluorescently tagged endogenous proteins are visualised using single-synapse 
resolution confocal spinning disc microscopy. Images covering multiple brain areas can be 
used to uncover region-specific synapse molecular compositions and morphologies in turn 
revealing the diversity of synapses across the mouse brain. 

A B 
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In Chapter 2, I summarize the materials and methods used in studies 

presented in this thesis. 

In Chapter 3, I present optimization of PSD95-HaloTag labelling with 

fluorescent ligands in mouse brain. 

1.4.2 Visualize and map the lifetime of synaptic PSD95  
In Chapters 4-6, I focus on experimental results from mapping the lifetime of 

synaptic PSD95 across mouse brain.  

Chapter 4 presents PSD95 lifetime estimates for 110 subregions in adult 

mouse brain. The study uncovers the surprising diversity of PSD95 lifetimes at 

the level of brain regions, subregions, cell types, different parts of the dendritic 

tree and individual synapses. Synapse subtype analysis reveals subpopulation 

of synapses with short-protein-lifetime (SPL) and subpopulation with long-

protein-lifetime (LPL).  

Chapter 5 describes the changes in PSD95 lifetime throughout the lifespan. 

The lifetime of PSD95 is assessed in and compared between developing (3-

week-old), mature (3-month-old) and ageing (18-month-old) mice. Changes in 

SPL and LPL synapse numbers are discussed. 

Chapter 6 identifies changes in PSD95 lifetime in two mouse models of brain 

disease: (1) mice lacking PSD93 protein which model the genetic risk for 

schizophrenia and autism in humans and (2) SynGAP mutants that model a 

genetic cause for autism spectrum disorder and intellectual disability.
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Chapter 2 Materials and Methods 
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2.1  Ethics compliance 
Animal procedures were performed in accordance with UK Home Office 

regulations and approved by Edinburgh University Director of Biological 

Services. 

2.2  Mouse model 
2.2.1 PSD95-Halo Knock-in (KI) mouse line 

2.2.1.1 Generation of mouse line 
The project centres on the use of a mouse line in which the Psd95 (Dlg4) gene 

was modified so that the endogenous PSD95 protein is fused at its C-terminus 

with the HaloTag domain (Figure 2.1). Hereafter this model is designated as 

PSD95HaloTag/HaloTag (homozygous allele) or PSD95+/HaloTag (heterozygous 

allele) and referred to as PSD95-HaloTag (Masch et al., 2018). 

The mice were previously generated by members of the laboratory (David 

Fricker and Ellie Tuck under the supervision of Dr Noboru Komiyama and 

Professor Seth Grant) and the procedure is described in detail in Kratschke 

(2018). The gene targeting strategy adapted from Fernández et al. (2009) was 

used to fuse HaloTag protein to the C-terminus of endogenous PSD95. The 

HaloTag coding sequence (Promega) together with a short linker were inserted 

into the open reading frame of the Psd95 gene, followed by insertion of a LoxP 

floxed PGK-EM7-neo-pA cassette, using recombination in Escherichia coli. 

E14Tg2a ES cells (from 129P2 ola) were used for gene targeting. Positive 

targeting clones were identified using PCR and E3.5 blastocysts from C57BL6 

mice were injected with ES cells containing the target gene. Male chimeras 

were crossed with C57BL6 female to produce first generation heterozygous 

animals. In order to remove the LoxP floxed neo cassette in vivo, the animals 

were then crossed with CAG Cre-recombinase-expressing mice. Once the 

neomycin cassette was removed, animals were intercrossed to produce a 

colony of homozygous PSD95-HaloTag mice.  
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Figure 2.1: Generation of the PSD95-HaloTag knock-in mouse. (A) PSD95-HaloTag 
protein domain structure. PSD95 contains three PDZ domains followed by SRC homology 3 
(SH3) and guanylate kinase (GK) domains. The HaloTag is fused to the C-terminus of PSD95. 
(B) Targeting strategy used to insert the HaloTag sequence before the stop codon of Psd95 
gene (asterisk). The neomycin resistance cassette (neo) was removed from between loxP 
sites (triangles) by crossing the PSD95-HaloTag mouse with a transgenic Cre recombinase-
expressing mouse. 

 

2.2.1.2 Characterization of mouse line 
To test the possibility that the presence of the HaloTag domain interferes with 

the function of PSD95, the expression of the proteins and synaptic 

physiological function of mice carrying the mutation were evaluated, as 

described below. 

2.2.1.2.1 Biochemical characterisation 
To biochemically test the PSD95-HaloTag knock-in mouse line for phenotypic 

abnormalities, PSD95 protein expression and abundance was tested in protein 

extracts from synaptosomes prepared from the whole-brain of wild-type, 

PSD95+/HaloTag and PSD95HaloTag/HaloTag mice (for further details, see Kratschke 
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(2018)). Three extracts per genotype were loaded into 4-12% gradient Bis-Tris 

gels, with 20 µl loaded into each well and gels were subsequently subjected to 

SDS PAGE and western blotting. The membrane was sequentially probed with 

antibodies recognising (a) PSD95, (b) PSD95-HaloTag and (c) alpha-Tubulin 

(loading control). Bands corresponding to PSD95, PSD95-HaloTag and alpha-

Tubulin were then detected using the LI-COR Odyssey imaging system. 

Wild type PSD-95 has a molecular weight of 80 kDa (Husi et al., 2000, Cai et 

al., 2006) and the band at 80 kDa was detected in all PSD95+/+ and 

PSD95+/HaloTag samples (Figure 2.2A). The HaloTag protein is 33 kDa in size 

(Los et al., 2008b, Lang et al., 2006) and thus the PSD95-HaloTag protein is 

expected to have a molecular weight of 113 kDa.  Results from western blot 

analysis revealed 113 kDa bands in PSD95+/HaloTag and PSD95HaloTag/HaloTag 

samples with genotype-dependent band intensity (Figure 2.2A, B, F). Total 

amounts of PSD95 protein were not different between the genotypes (single 

factor ANOVA, [F (2,6) = 0.63, P = 0.57) (Figure 2.2E). To test whether 

PSD95-HaloTag protein can still assemble into multiprotein complexes in the 

PSD, we subjected the synaptosome preparations PSD95-/-, PSD95+/+ and 

PSD95HaloTag/+ animals to Blue native PAGE (Figure 2.2C, D). Separated 1.5 

MDa multiprotein complexes were detected when probed with anti-PSD95 and 

anti-HaloTag antibodies. 1.5 MDa complexes are composed of a number of 

PSD proteins, including NMDA receptor subunit NR2B, PSD95’s homologue 

PSD93 and downstream signalling molecules (Frank et al., 2016). Overall, the 

PSD95-HaloTag KI mutation did not affect the overall expression levels of 

PSD95 in mice or the ability of PSD95-HaloTag fusion protein to assemble into 

multiprotein complexes in the post-synapse. The discussed experiments, 

however, were performed on synaptosome preparations and not PSD 

preparations, and wild-type PSD95 protein is known to be more highly 

enriched in PSD fractions compared to synaptosome fractions (Bai and 

Witzmann, 2007, Villasana et al., 2006). With the data presented here we 

cannot exclude the possibility that PSD95-HaloTag protein is not localising to 

the PSD in the same way that the wild-type PSD95 protein would. The fact that 

PSD95-HaloTag is still able to assemble into multi-protein complexes involving 
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NMDA receptors and other signalling molecules suggests that the HaloTag 

does not interfere with normal function of the protein. Additional biochemical 

experiments on PSD fractions would be needed to confirm appropriate 

localisation and function of HaloTag-fused PSD95 protein. The experiments 

were performed by Dr Max Kratschke. 
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Figure 2.2: PSD95 protein expression in PSD95-HaloTag KI animals. (A) Western blot on 
synaptosome preparations from PSD95+/+, PSD95HaloTag/+ and PSD95HaloTag/HaloTag mice stained 
with an antibody against PSD95 (Mouse, BD Bioscience, 1:5000). 80 kDa bands in PSD95+/+ 
and PSD95HaloTag/+ columns correspond to wild-type PSD95, while PSD95-HaloTag band 
appears at 113 kDa. (B) The same set of synaptosome preparations as in (A) probed with anti-

E F 
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HaloTag antibody (Mouse, Promega, 1:1000) reveals a strong band at 113 kDa in preparations 
from PSD95HaloTag/+ and PSD95HaloTag/HaloTag animals. (C, D) PSD95-HaloTag assembles into 
1.5 MDa postsynaptic supercomplexes. Blue native PAGE was used to separate the 
synaptosome preparations described in (A, B) and probed with antibodies against PSD95 (C) 
and HaloTag (D). (E) Quantification of protein expression presented in (A). No significant 
difference found in PSD95 protein levels between PSD95+/+, PSD95HaloTag/+ and 
PSD95HaloTag/HaloTag samples (single factor ANOVA, [F (2,6) = 0.63, P = 0.57]). (F) Quantified 
protein levels from (B). Heterozygous animals were found to express 49.7% of the PSD95-
HaloTag protein expressed by the homozygous mice (Welch’s t-test: p = 0.003). Error bars: 
+/- SEM. N = 3 mice / genotype group. Adapted from Dr Max Kratschke’s PhD thesis. 

 

2.2.1.2.2 Electrophysiological characterisation 
Decreased expression of PSD95 protein can lead to altered 

electrophysiological profiles (Migaud et al., 1998). To assess whether genetic 

manipulation of PSD95 protein has any effects on electrophysiological 

properties of these mice, we examined: (1) Fibre volley/fEPSP input/output 

curves generated by eliciting fEPSPs, (2) paired-pulse facilitation; (3) 

excitatory postsynaptic currents (EPSCs); (4) ratio of NMDAR to AMPAR-

mediated currents; (5) weighted decay time constants for currents; (6) 

examples of sEPSCs; (7) fEPSP profiles in brain slices after LTP induction 

(Figure 2.3). PSD95-HaloTag mice did not differ from WT in any of the 

parameters examined therefore were electrophysiologically normal. The 

experiments were performed by our collaborator Dr Thomas O’Dell. 
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Figure 2.3: PSD95-HaloTag KI animals do not display electrophysiological 
abnormalities. (A) fEPSP curves from stratum radiatum of the CA1 generated with 100, 75, 
50 and 25% of maximum stimulation of Schaffer collateral fibers. (B) Normal paired-pulse 
facilitation in mutant animals. (C) Representative excitatory post-synaptic currents (EPSCs) 
recorded in wild-type and mutant animals at -80 and +40 mV membrane potential. (D, E) 
Genetic KI did not affect the cumulative probability distributions of (D) EPSC amplitudes (1-
way ANOVA, F (2,8) = 0.049, P = 0.952) and (E) inter-event intervals (F (2,8) = 0.836, P = 
0.921). (F) Examples of EPSCs recorded at membrane potential of -80 and +40 mV. (G) Ratio 
of NMDAR to AMPAR-mediated currents is not affected in mutant animals (1-way ANOVA, F 
(2,11) = 0.345, P = 0.717). (H) No differences observed in weighted decay time constant for 
currents elicited at +40 mV (F (2,11) = 3.602, P = 0.071). (I) LTP induction did not differ 
between wild-type and KI animals (1-way ANOVA, F (2,11) = 1.706, P = 0.226). n (PSD95+/+) 
= 3-5 animals, n (PSD95HaloTag/+) = 3-5 animals and n (PSD95HaloTag/HaloTag) = 3-4 animals.  

 

2.2.1.2.3 In vitro PSD95-HaloTag fluorescence 
labelling 

HaloTag protein covalently binds exogenous HaloTag ligands coupled with 

fluorescent dyes and allows visualization of HaloTag fusion proteins (Los et 

al., 2008b, England et al., 2015). We tested the efficiency and reliability of 

fluorescence labelling of PSD95-HaloTag fusion proteins by applying Tetra-

methyl-rhodamine-Halo (TMR-Halo) ligand to living primary neuronal cultures 

from PSD95+/HaloTag and PSD95+/+ mice and compared this with antibody 

labelling for PSD95. PSD95 antibody labelling showed strong punctate 

expression in both PSD95+/HaloTag and PSD95+/+ neuronal cultures 

characteristic of punctate expression of PSD95 protein in neuronal synapses 

(Figure 2.4A).  TMR-Halo labelling, in contrast, was detected in PSD95+/HaloTag 

neuronal culture and not in the PSD95+/+ culture. Importantly, TMR-Halo 

punctate fluorescence labelling co-localised with anti-PSD95 antibody 

labelling denoting the specificity of HaloTag labelling. 

Next, we asked if PSD95-HaloTag protein was found in the postsynaptic 

terminal of excitatory synapses. We asked if the puncta containing PSD95-

HaloTag labelled with TMR-Halo ligand were juxtaposed to puncta labelled 

with two presynaptic protein markers, Synapsin1 and VGlut1. Synapsin1 is 

found in most presynaptic terminals and VGlut1 is exclusively found in 

presynaptic terminals of excitatory synapses (Takamori et al., 2000, Wojcik et 

al., 2004, De Camilli et al., 1983). TMR-Halo labelling in primary neuronal 

cultures was indeed juxtaposed to presynaptic markers and localised to the 
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post-synaptic density of neuronal synapses (Figure 2.4B, C). Overall, the 

fluorescence labelling experiments in vitro have demonstrated specific and 

reliable fluorescence labelling of PSD95-HaloTag fusion protein using HaloTag 

ligands. The experiments were performed by Dr Max Kratschke. 

 

Figure 2.4: Specific and reliable PSD95-HaloTag fluorescence labelling in primary 
neuronal cell cultures. (A) PSD95-HaloTag neuronal cell cultures labelled with TMR-Halo 
fluorescent ligand show punctate expression that co-localises with antibody labelling against 
PSD95. TMR-Halo does not bind and produce fluorescence in PSD95+/+ neuronal cells. (B) 
PSD95-HaloTag fusion protein labelled with TMR-Halo juxtapositions fluorescently labelled 
presynaptic marker Synapsin1. (C) TMR-Halo labelled PSD95 juxtapositions antibody-labelled 
presynaptic VGlut1. Adapted from Dr. Max Kratchke’s PhD thesis. 
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2.2.2 Mouse breeding 
2.2.2.1 PSD95-eGFP/SAP102-mKO2/PSD95-HaloTag 

To create mice expressing PSD95-HaloTag, PSD95-eGFP and SAP102-

mKO2, we crossed double homozygous Psd95eGFP/eGFP;Sap102mKO2/mKO2 mice 

(described previously in Zhu et al. (2018) and Cizeron et al. (2020)) were 

crossed with PSD95HaloTag/HaloTag mice. The KI strategy used for generating 

PSD95-eGFP and SAP102-mKO2 was as described in Fernández et al. 

(2009). In summary, the fluorescent protein coding sequences (eGFP for 

PSD95 and mKO2 for SAP102) were inserted into the C terminus of 

endogenous PSD95 and SAP102, respectively. The 

PSD95HaloTag/eGFP;SAP102mKO2/y colony was used for experiments described in 

Chapter 3 and Chapter 4 of my thesis. 

2.2.2.2 PSD93-KO/PSD95-HaloTag 
Mice carrying a targeted ‘knockout’ allele of the Dlg2 gene (Dlg2-/-) lack PSD93 

protein (this mouse line is referred to as PSD93-/-). PSD93-/- and 

PSD95HaloTag/HaloTag mice were intercrossed to generate 

PSD95+/HaloTag;PSD93+/- and with further inter-crosses PSD95+/HaloTag;PSD93-/- 

mice. The PSD93-/- line was kindly shared with us by Prof D.S. Bredt’s lab. The 

gene knockout mutation was induced by replacing a necessary coding exon in 

the second PDZ domain by a neomycin resistance cassette (McGee et al., 

2001a). 

For experiments described in Chapter 6, we used PSD95+/HaloTag;PSD93+/-, 

PSD95+/HaloTag;PSD93-/- and PSD95+/HaloTag;PSD93+/+ The use of heterozygous 

and homozygous animals for PSD93 allowed us to test for effects of gene 

dosage on the turnover of PSD95.  

2.2.2.3 SynGAP-KO/PSD95-HaloTag 
Mice carrying a ‘knockout’ allele of the Syngap1 gene (Syngap1+/-) have 

reduced SynGAP protein expression (the mouse line is later referred to as 

SynGAP+/-). SynGAP+/- mice were crossed with PSD95HaloTag/HaloTag to 

generate PSD95+/HaloTag;SynGAP+/- mice. The null mutation in Syngap1 gene 

was generated by constructing a targeting vector that deletes exons encoding 
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the C2 and GAP domains in SynGAP (Komiyama et al., 2002). 

PSD95+/HaloTag;SynGAP+/-  and PSD95+/HaloTag;SynGAP+/+ animals were used 

for the studies described in Chapter 6. Homozygous knockout of SynGAP is 

lethal therefore only animals containing a heterozygous mutation were used 

for the study (Komiyama et al., 2002). 

2.3  Genotyping 
2.3.1 Tissue collection 

Initial genotyping was performed on ear clipped tissue, collected from mice at 

3 weeks of age. On the day of perfusions and brain dissection, 2 samples of 

~2 mm tail tissue from experimental animals was obtained following complete 

anaesthesia. A second round of genotyping was performed on one of the 

samples to confirm the genotype and the second tail sample was stored at -

20oC as a backup in case of any uncertainties in genotyping results from initial 

ear clip and tail clip samples. 

2.3.2 Polymerase Chain Reaction (PCR) protocol 
A tail sample for genotyping is first digested at 65 oC in 50 µL solution 

containing 100 mM KCl, 10 mM Tris (pH 8), 0.5% Tween 20, 1% Triton 100x 

and 10 U/mL of Proteinase K (NEB-P8107S). PCR reaction was set up with 

BioLine MyTaqTM DNA Polymerase (BIO-21105). PCR mixes were prepared 

with 5 µL of PCR buffer, 0.5 µL of each primer (20 µM), 0.1 µL Taq enzyme, 2 

µL of DNA and up to 10 µL ddH2O to reach a final volume of 20 µL (please see 

Table 2.1 for specific primers and their respective annealing temperatures). 

The DNA-primer solutions were then placed in a PCR machine with specific 

temperature cycles as per below: 

95°C -  15 mins  

94°C -  45 sec  

Var -  45 sec        35 cycles 

72°C -  2 min  
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72°C -  10 mins  

4°C -  ∞  

PCR products were resolved on 2% agarose gel stained with GelRed® Nucleic 

Acid Gel Stain (Biotium). PCR analyses were performed by Dr Rand Dahan 

and Gabor Varga. 

Allele 
PCR primers 

Name Sequence Annealing 
temperature 

Amplification 
product 

PSD95-
HaloTag 

95GFPExF_N1 GTCACATGTCTTTGTGACCTTG 55oC WT   330bp 

Mut   ~650bp 95GFPUTRR_N1 GATACATGCAGAGAGGAGTGTC 

HalogenF CTGACTGAAGTCGAGATGGAC 

PSD95-
eGFP 

95GFPExF_N1 GTCACATGTCTTTGTGACCTTG 55oC WT   330bp 

Mut   514bp 95GFPUTRR_N1 GATACATGCAGAGAGGAGTGTC 

95GFP_FN2 CATCAAGGTGAACTTCAAGATC 

SAP102-
mKO2 

SAP102 wt F GV CAAATCATTGAGGACCAGTCTGGGC 57oC WT   130bp 

Mut   ~300bp SAP102 com R GV GGAATGAAGAGGAAGGAGGGAAGAGG 

SAP102 mKOF3-1 GCCAGATGAAGACCACCTACAAG 

PSD93-
KO 

PSD-93Neo GCCTTCTATCGACTTCTTGACGAG 57oC WT   330bp 

Mut   750bp PSD-93intron GTGCGGAATGTTGTTGTGCAGTGC 

PSD-93exon-n2 ACAACAGTCTCCAATATGGGTCGC 

SynGAP-
KO 

FCASS1a CTTCCTCGTGCTTTACGGTATC 55oC WT   591bp 

Mut   1kb SYNcomR CTGATCAGCCTGTCAGCAATG 

SYNwtF GTCAGTGGGACATGGAAGTAG 

Table 2.1: Name, sequence and annealing temperatures for primers used in genotyping 
experimental mice. 

 

2.4  HaloTag ligand generation 
2.4.1 Fluorescent HaloTag ligands 

In order to visualize the turnover of PSD95-HaloTag fusion protein, we coupled 

Halo ligand with a set of cell-permeable fluorophores, including silicon-

rhodamine (SiR) and tetramethyl-rhodamine (TMR) dyes. The control and 

optimisation experiments presented in Chapter 3 were performed with the 

following HaloTag-dye compounds: SiR-Halo (Lukinavičius et al., 2013, 

Butkevich et al., 2017), JF646-Halo (Grimm et al., 2015, Grimm et al., 2017), 
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TMR-Halo (Promega Ltd.) and JF549-Halo (Grimm et al., 2015). Table 2.2 

outlines further fluorescence characteristics of the dyes used.  

Name Excitation wavelength 

(nm) 

Emission wavelength 

(nm) 

Is the dye 

fluorogenic? 

SiR 645 661 Yes 

JF646 646 664 Yes 

TMR 555 585 No 

JF549 549 571 No 
Table 2.2: Fluorescence properties of dyes used in the HaloTag experiments. 

 

Experiments presented in Chapters 3-6 were performed with SiR-Halo ligand 

due to its reliable in vivo labelling, as previously established (Masch et al., 

2018). In addition, SiR-Halo and JF646-Halo offer an important advantage for 

intracellular application: both dyes are fluorogenic compounds which means 

that they only fluoresce when bound to their target (i.e. HaloTag protein). The 

fluorogenic property of rhodamine dyes rests in the equilibrium between the 

lipophilic, colourless lactone conformation and polar, fluorescent zwitterion 

conformation (Figure 2.5, Grimm et al. (2020)). Upon binding to the HaloTag 

protein, the conformation of SiR-Halo and JF646-Halo shift from the non-

fluorescent lactone form to the fluorescent zwitterion form. The fluorogenic 

property of these dyes leads to a higher signal-to-noise ratio in the resulting 

fluorescence images due to the reduced background fluorescence. 
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Figure 2.5: The fluorescence - non-fluorescence equilibrium in rhodamine dyes. (A) The 
equilibrium between fluorescent zwitterion and non-fluorescent lactone confirmation is 
dependent on the equilibrium constant KL-Z. (B) Fluorescence and permeability properties of 
dyes differ based on their KL-Z. Figure taken from Grimm et al. (2020). 

 

TMR-Halo or JF549-Halo can be used together with SiR-Halo or JF646-Halo 

for pulse-chase labelling experiments because they have non-overlapping 

fluorescence spectra. TMR-Halo and JF549-Halo did not produce reliable 

labelling in vivo via tail-vein injection and thus in the experiments presented in 

Chapter 3, TMR-Halo and JF549-Halo were used as post-fixation “chase” 

ligands. 

2.4.2 Coupling reaction and purification 
Coupling reactions for SiR-Halo, JF646-Halo and JF549-Halo were caried out 

in-house while TMR-Halo was obtained from Promega Ltd. Dye coupling and 

purification was performed by Edita Bulovaite with the help of Dr Lorena Tapia 

Mendive.  

A B 
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2.4.2.1 SiR-Halo synthesis 

 

Figure 2.6: SiR-Halo coupling reaction. Starter compounds (SiR-COOH and Halo-NH2) are 
mixed with catalysing reagents to produce the final product SiR-Halo. 

 

SiR-Halo coupling was performed as previously described (Lukinavičius et al., 

2013, Butkevich et al., 2017). 50 mg (89.7 µmol) of SiR-COOH dye 

(Spirochrome Ltd.) and 36 mg of Amine (O2) HaloTag building block (134.6 

µmol, 1.5 equivalent) were dissolved in 950 µL DMF (dimethylformamide). 90 

µl of DIPEA (N,N-Diisopropylethylamine) were added into the solution at which 

point the blue colour of SiR-COOH disappeared from the dye solution. 70 mg 

of PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate, 134.55 µmol, 1.5 equivalent) dissolved in 230 µL DMF 

was added to the SiR-COOH and Amine (O2) solution. The solution was stirred 

at RT for 2 hours protected from light and afterwards checked with 2% 

Methanol (MeOH) in DCM (dichloromethane) thin-layer chromatography (TLC) 

for the product.  

Prior to purification, the compound was phase-separated from DMF. The 

compound was collected with the organic phase (diethyl ether) while the 

aqueous phase (brine) was discarded. 2-3 tablespoons of dried magnesium 

sulphate were added to the organic phase solution, mixed well and then filtered 

using a filter paper to remove any aqueous remains. Diethyl ether was 

evaporated, and the resulting powder was dissolved in the 2% MeOH in DCM. 

The product was purified using silica gel column chromatography (2% MeOH 

in DCM). The product yield: 63%. 
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2.4.2.2 JF646-Halo synthesis 

 

Figure 2.7: JF646-Halo coupling reaction. JF646 and Halo-NH2 starting compounds were 
mixed with catalysing reagents to produce JF646-Halo. 
 

JF646-Halo coupling was performed as previously described (Grimm et al., 

2015, Grimm et al., 2017). 2 mg (3.37 µmol) of JF646 NHS ester dye was 

dissolved in DMF (200 µL). A solution of Amine (O2) HaloTag building block 

(1.75 mg, 6.74 µmol, 2 equivalent) in 40 µL DMF was added, followed by 

DIPEA (3 µL, 16.85 µmol, 5 equivalent). The reaction was stirred at RT for 2 

hours and then concentrated to dryness and purified using prep HPLC (20% 

ACN in H2O initial conditions). 

2.4.2.3 JF549-Halo synthesis 

 

Figure 2.8: JF549-Halo coupling reaction. JF549 was mixed with Halo-NH2 and catalysing 
reagents to produce JF549-Halo. 

 

JF549-Halo coupling was performed as previously described (Grimm et al., 

2015). 2 mg (3.63 µmol) of JF549 NHS ester dye was dissolved in DMF (220 

µL). A solution of Amine (O2) HaloTag building block (1.9 mg, 7.26 µmol, 2 

equivalent) in 40 µL DMF was added, followed by DIPEA (3.16 µL, 18.15 µmol, 
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5 equivalent) and PyBOP (3mg dissolved in 10 µL DMF, 5.4 µmol, 1.5 

equivalent). The reaction was stirred at RT for 2 hours and then concentrated 

to dryness and purified using prep HPLC (20% ACN in H2O initial conditions). 

2.5  In vivo application of HaloTag ligands 
2.5.1 HaloTag ligand solution 

HaloTag ligand solution was prepared as per Grimm et al. (2017), but at 1.5 

mM HaloTag ligand solution for injections and total injection volume adjusted 

by average weight for the animal group examined. Table 2.3 outlines the 

HaloTag solution composition and volumes for each age group examined. 

Age group 

Volume injected (µL) 

Total 

HaloTag ligand 

(5 mM) 

Pluronic F-127 Saline 

3-4 weeks old 70 µL 21 µL 7 µL 42 µL 

3-4 months old 200 µL 60 µL 20 µL 120 µL 

18 months old 300 µL 90 µL 30 µL 180 µL 
Table 2.3: HaloTag solution composition for different age groups. 

 

2.5.2 Intravenous (tail-vein) injection 
Intravenous (IV) injections were carried out by Will Mungall. Prior to injection, 

animals were placed in a heat box for 5-10 minutes to allow the blood vessels 

of the tail to dilate and become more visible. The mice were sequentially placed 

in a rodent restrainer for the injection. A bolus injection of HaloTag ligand 

solution was performed into the lateral tail vein. Following the injection, the 

animals were monitored for any adverse effects twice daily for the length of the 

experiment. 

2.6  Tissue collection and processing 
2.6.1 Transcardial perfusion and brain fixation 

Mice were fully anesthetized by intraperitoneally injecting 0.10-0.20 ml (age-

dependent; please see Table 2.4) of pentobarbital (Euthatal). The thorax was 

opened, and an incision was made to the right atrium of the heart. Following 
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an insertion of a fine needle (26G, 0.45 x 100mm) into the left ventricle and the 

animal was transcardially perfused with 10-15 ml of 1 x PBS followed by 10-

15 ml of fixative (4% PFA) and left at 4oC for 3-4 hours (age-dependent; Table 

2.4). Samples were transferred to a 30% sucrose solution and incubated for 

48-72 hours at 4oC. 

Age group 

Volume injected (ml) 

Anaesthetic 

injected 
1xPBS 4% PFA 

3-4 weeks old 0.10 ml 10 ml 10 ml 

3-4 months old 0.15 ml 12 ml 12 ml 

18 months old 0.20 ml 15 ml 15 ml 
Table 2.4: Volumes of the anaesthetic, PBS and 4% PFA injected for different age 
groups. 

 

2.6.2 Tissue embedding 
The brains were embedded in OCT (embedding matrix for frozen sections) 

solution (CellPath) inside a plastic mould (Sigma-Aldrich). Brain-containing 

moulds were placed in beakers containing isopentane (Sigma-Aldrich) and the 

beakers were moved to a container containing liquid nitrogen for freezing. 

Frozen brains were stored at -80oC for up to 4-5 months. 

2.6.3 Cryosectioning 
Frozen brain samples were cut at 18 µm thickness using a cryostat (NX70 

Thermo Fisher) to obtain sagittal brain sections referring to 12-13/21 bregma 

level from Allen Brain sagittal atlas (https://mouse.brain-

map.org/experiment/thumbnails/100042147?image_type=atlas). The brain 

sections were placed on Superfrost Plus glass slides (Thermo scientific). A 

drop of 1xPBS was placed on a glass slide prior to picking up the brain sections 

to ensure the brain tissue lays flat. After cutting, brain sections were left to dry 

in the dark at room temperature overnight and were then stored at -20oC. 

Brains were sectioned by Beverly Notman and Edita Bulovaite. 
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2.7  Immunohistochemistry and preparation for 
imaging 
2.7.1 Post-fixation labelling with HaloTag ligands 

Brain sections were first washed with 800 µl 1xPBS to remove any remaining 

OCT and were left to dry in the dark. Hydrophobic marker pen was used to 

draw around sections to contain the liquid solutions within outlined area of the 

brain section. 50 µl of 10 µM TMR-Halo solution in 1xPBS was added to each 

brain section and samples were incubated for 1hr at room temperature in a 

wet dark chamber. Brain sections were then washed 2 times for 10 minutes 

with 1xTBS containing 0.2% Triton X detergent to remove any unbound TMR-

Halo ligand and once with 1xTBS for 10 minutes. 

2.7.2 Mowiol preparation 
Mounting medium MOWIOL was prepared by slowly (over a period of an hour) 

adding 2.4 g MOWIOL (Hoechst) to 4.75 ml (6 g) glycerol and mixing 

continuously. 6 ml dH2O was added and the mixture was covered and let to 

stand at room temperature overnight. 12 ml of 0.2 M Tris (pH 8.5) in dH2O was 

heated to 50oC using hot plate and added to the MOWIOL mixture. The 

solution was incubated at 50oC for 10 min with occasional mixing and then 

centrifuged at 5000rpm for 15mins at 4oC. Supernatant was collected and 0.5 

g (2.5 g/100 ml) DABCO (1,4-diazobicyclo-[2.2.2]-octane) was added to 

prevent photobleaching. The solution was gently mixed and incubated at 4oC 

for 15mins. Prepared MOWIOL was aliquoted and stored at -20oC. 

2.7.3 Coverslip mounting 
Frozen brain sections were placed in a dark chamber and incubated at room 

temperature for 1-hour prior to mounting the coverslips. Sections were washed 

with 800 µl of 1xPBS to remove any remaining OCT on or around the brain 

tissue and let dry. A drop of 12 µl MOWIOL solution was applied on top of the 

brain section. A glass coverslip (18 mm in diameter, thickness #1.5, VWR) was 

carefully lowered on top of the sample to avoid any bubbles forming in between 

the glass slide and the coverslip. The sections were left to dry in the dark at 

room temperature overnight and were then stored at 4oC for up to 1 week. 
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2.8  Microscopy 
2.8.1 Spinning disc confocal microscope 

Imaging for the study was performed using Andor Revolution XDi spinning disc 

microscope, which was equipped with CSU-X1 (pinhole size: 50 µm) and 2x 

post-magnification lens. Images of 512 x 512 -pixel size and 16-bit depth were 

obtained using Andor iXon Ultra back-illuminated EMCCD camera and 

Olympus UPlanSAPO 100x oil immersion lens (NA 1.4). To cover the whole 

area of the sagittal brain section, multi-tile single plane image acquisition was 

arranged with 0% overlap between adjacent tiles. Focus in z-plane was 

achieved by selecting and recording desired z-position for four points on the 

brain section which were then used to calculate the intermediate z-positions 

for in-between image tiles. Resolution of obtained images: pixel resolution 84 

nm and optical resolution ~260 nm.  

2.8.2 Imaging parameters 
High magnification (x100) images at a single synapse resolution covering the 

whole brain section were obtained using Andor confocal spinning disc 

microscope. Laser lines, emission filters, laser powers and exposure times 

used for all fluorescence markers for all studies are summarized in Table 2.5. 

250 EM Gain, 2-frame averaging and 5000ms acquisition speed were used for 

all channels to optimize acquired image quality. ‘Subtype turnover study’, 

‘PSD93-KO study’ and ‘SynGAP-KO study’ all used PSD95+/HaloTag instead of 

PSD95HaloTag/HaloTag animals which required slightly higher laser power and 

exposure time settings to capture the full dynamic range of fluorescence. 
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Study name 

Fluorescent 

label 

Laser 

line 

Laser 

power 

Exposure 

time 

Emission 

filter 

3-month turnover 
study 

SiR-Halo 640 nm 12% 95 ms QUAD 
(700/45) 

TMR-Halo 561 nm 13% 110 ms QUAD 
(607/34) 

Lifespan 
turnover  SiR-Halo 640 nm 12% 95 ms QUAD 

(700/45) 

Subtype turnover 
study 

SiR-Halo 640 nm 15% 100 ms QUAD 
(700/45) 

PSD95-
eGFP 488 nm 30 % 95 ms QUAD 

(521/21) 

SAP102-
mKO2 561 nm 40 % 100 ms QUAD 

(607/34) 

PSD93-KO study SiR-Halo 640 nm 15 % 100 ms QUAD 
(700/45) 

SynGAP-KO 
study SiR-Halo 640 nm 15 % 120 ms QUAD 

(700/45) 
Table 2.5: Imaging parameters used for different studies and fluorophores. 

 

Imaging for ‘PSD93-KO study’ was performed by Adrianna Zgraj under the 

guidance of Edita Bulovaite. Imaging for the rest of the studies was performed 

by Edita Bulovaite. 

2.9  Image analysis 
2.9.1 Automated synaptic puncta detection 

Synaptic puncta detection from fluorescence images was performed using 

machine learning-based Ensemble method which was developed in-house by 

Dr Zhen Qiu (Zhu et al., 2018, Cizeron et al., 2020).  

2.9.2 Training of machine learning algorithm 
More details on training the machine learning algorithm to detect puncta are 

available in Melissa Cizeron’s PhD thesis and Cizeron et al. (2020). The 

training of the machine learning algorithm was performed on a set of 

representative images on which the puncta were already manually localised 

by three independent individuals with a varying amount of scientific expertise. 
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Manual puncta detection for SiR-Halo labelling was performed on 249 images 

of 10.8 x 10.8 µm in size using a ‘CellCounter’ plugin in Fiji/ImageJ. PSD95-

eGFP and SAP102-mKO2 training was performed previously and the details 

are available in Melissa Cizeron’s PhD thesis. 

The coordinates of the manually detected puncta were used to train the 

machine learning algorithm that combines a set of detection methods in order 

to maximise puncta detection at various degrees of signal-to-noise ratio. The 

trained ensemble method was used for automated puncta detection in studies 

presented in Chapters 3-6. 

2.9.3 Montage stitching 
An overview montage of each imaged sagittal brain section was stitched from 

~45,000-50,000 image tiles using a custom-written MATLAB script (written by 

Dr Zhen Qiu). Since image acquisition was set as to not overlap consecutive 

image tiles, the stitching code was constructed to read the rows and columns 

for each image from the metadata and put the images in order of the sequence 

acquired. During stitching, the images were downsized by a factor of 16 to 

allow easier transfer and manipulation of the resulting montages. 

2.9.4 Delineation of brain regions of interest 
Quantification of PSD95-HaloTag labelling was performed on anatomical brain 

regions as defined by the Allen Mouse Brain Atlas. In order to group the 

detected puncta by brain region of interest (ROI), we first needed to define the 

boundaries of brain areas. A combination of manual and semi-automated 

delineation methods was employed for defining 110 anatomical brain regions 

in each sagittal brain image. The delineations were saved as .roi files and then 

transformed into binary masks as part of the automated image analysis 

pipeline. 

2.9.4.1 Manual delineations using Fiji/ImageJ 
Manual delineations of subcortical brain regions (i.e. subregions of the 

olfactory areas, cortical subplate, striatum, pallidum, hypothalamus, thalamus, 

midbrain, cerebellum, pons and medulla) was performed using a polygon 
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selection tool in Fiji/ImageJ (Schindelin et al., 2012, Schneider et al., 2012). 

Once drawn, each delineation was added to the ROI manager in Fiji/ImageJ. 

After all delineations for a given brain image were completed, the resulting .roi 

files were exported and saved for the ‘mapping’ step of the analysis pipeline. 

Manual delineations for data presented in Chapter 3 and Chapter 4 were 

completed by Edita Bulovaite, while delineation performed for datasets in 

Chapter 5 were performed by Edita Bulovaite, Theresa Wong, Beverly 

Notman and Gabor Varga. Delineations performed for datasets in Chapter 6 

were performed by Martyna Marcinkowska and Gabor Varga. Upon 

completion, all delineations were checked by Edita Bulovaite to ensure 

consistency within and between datasets. 

2.9.4.2 Semi-automated delineations using Delineation 
Deformer 

Delineation Deformer is an in-house custom-built software for semi-automated 

delineating or brain ROIs, developed by Dr Babis Koniaris. The program 

provides a user interface for a free-form deformation of a surface on which we 

map a specially prepared image that contains a multitude of delineated regions 

(Sederberg and Parry, 1986). The specially prepared images in most cases 

were delineation templates obtained from the Allen Mouse Brain Atlas 

resource. The delineation templates mapped on a digital surface get 

subdivided into a uniform grid, so that each cell contains a subdivision of the 

delineation template. The software allows the user to manipulate the grid 

points which results in the deformation of the grid cells and in turn leads to the 

deformation of the delineation template (Catmull, 1974). 

The software superimposes the delineation template on top of the brain image 

being delineated. We can deform the delineation template to “fit” the underlying 

montage image of the brain section. In case of any tissue damage observable 

in the brain image, the software has a function allowing to paint over the 

damaged areas on the tissue to get them excluded from the finalised 

delineation. The final delineation is saved as a set of .roi files representing 
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individual brain regions which then are used in the later steps of the mapping 

pipeline.  

Delineation Deformer was used for outlining the subregions of isocortex and 

hippocampal formation in datasets presented across Chapters 3-6. 

Delineations for datasets presented in Chapters 3-5 were performed by Edita 

Bulovaite and those presented in Chapter 6 were performed by Adrianna Zgraj 

and Aidan McConnell-Trevillion. 

2.9.5 SynMAP image analysis pipeline 
2.9.5.1 Quantification of synapse parameters 

Further details on measurement of synaptic parameters can be found in Zhu 

et al. (2018) and Cizeron et al. (2020). Upon detection and localisation, 

synaptic puncta are segmented by applying an intensity threshold. The 

threshold for each detected punctum was set at 10% of the height of its 

fluorescence intensity profile. A set of punctum characteristics were then 

quantified for each punctum, including mean pixel intensity, size, skewness, 

kurtosis, circularity and aspect ratio (Cizeron et al., 2020). Additionally, 

quantification of puncta density per unit area was performed. For calculations 

of PSD95-HaloTag turnover, primarily the measurements of puncta density 

and total fluorescence intensity content (punctum size x punctum mean 

intensity) were used.  

2.9.5.2 Co-localisation analysis 
Co-localisation analysis between two fluorescent markers (i.e. SiR-Halo and 

eGFP) was performed in Chapter 3 in order to compare the distribution of 

PSD95-HaloTag labelling in relation to the distribution of well-characterized 

PSD95-eGFP labelling within individual puncta. Object-based co-localisation 

method was employed on the already detected synaptic puncta. Distances 

between nearest neighbours from different channels were measured and a 

distance threshold of 400 nm was applied to identify markers that co-localised. 

400 nm distance is within the range of the previously measured sizes of post-

synaptic density as observed by electron microscopy (Harris et al., 1992). 
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The triple co-localisation between SiR-Halo, eGFP and mKO2 in 

PSD95eGFP/HaloTag;SAP102mKO2/+ triple knock-in mice required a more complex 

algorithm than double co-localisation and the new algorithm was written by 

adapting multiple hypothesis tracking algorithm to the particle tracking 

problem. Co-localisation algorithms were developed by Dr Zhen Qiu. 

2.9.5.3 Synapse classification 
Classification of PSD95+/eGFP;SAP102mKO2/+ synapses employed a previously 

developed method (Zhu et al., 2018, Cizeron et al., 2020). Synapse 

classification is based on the molecular composition of synapses (i.e. PSD95-

only, SAP102-only, co-localised PSD95 and SAP102) and on size, shape and 

fluorescence intensity parameters. Using machine learning algorithm, the 

synapses were subdivided into 37 subtypes based on their characteristics. A 

small percentage of puncta (~0.002%) that did not get classified into either of 

subtype groups were labelled as ‘other subtype’. 

Synapse classification was performed on PSD95HaloTag/eGFP;SAP102mKO2/+ brain 

images in order to assess the co-localisation of different synapse subtypes 

with PSD95-HaloTag signal at different time points post SiR-Halo injection. 

2.10  Data analysis 
2.10.1 PSD-95 half-life estimation 

PSD95 half-life presented in Chapter 4 was estimated via two alternative 

methods: (a) puncta count-based estimation and (b) total punctum intensity-

based estimation. Method (a) relies purely on the presence or absence of 

fluorescent synaptic punctum while method (b) considers the fluorescence 

content within each punctum. For both methods, the mean at day 0 was 

considered a reference point to which all the subsequent values were 

normalised. Single-phase exponential decay function was fitted to fractions of 

puncta/synapse fluorescence remaining:  
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where N(t) denotes the puncta density/fluorescence intensity at time t, N0 = 

N(0) is quantity at t = 0 and λ is the decay rate constant. 

2.10.1.1 Puncta count-based estimation 
The detected number of fluorescent puncta per 100 µm2 (i.e. puncta density) 

was estimated for each ROI from every brain examined using the SynMAP 

pipeline. Normalised puncta densities (y-axis) for each animal were plotted 

against time (x-axis) and an exponential decay function was fitted to estimate 

half-life and +/- 95% confidence interval. 

2.10.1.2 Total puncta intensity-based estimation 
For each detected punctum within a ROI, mean fluorescence intensity was 

multiplied by punctum size to obtain total fluorescence content for each 

punctum. The resulting fluorescence intensities were summed up to obtain 

total puncta fluorescence content within a given brain region.  Normalised 

fluorescence intensities (y-axis) for each animal were plotted against time (x-

axis) and an exponential decay function was fitted to estimate half-life and +/- 

95% confidence interval.  

2.10.1.3 PSD95 half-life calculations 
PSD95 half-life was defined as the time required for the PSD95-HaloTag 

puncta density/fluorescence intensity to fall to half its initial value. Half-life was 

calculated based on the decay constant obtained from exponential curve fitting 

via the following formula: 

 

2.10.2 PSD95 fraction remaining calculation 
The measurement of PSD95 decay in studies presented in Chapters 5 and 6 

relies on data from two time points following HaloTag ligand injection: day 0 

(reference time point) and day 7 (measurement of decay). In order to compare 

the decay of puncta number/fluorescence intensity content in these studies, 

for each ROI we estimated the fraction of puncta/fluorescence intensity 
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remaining at day 7 compared to day 0. The mean values for fraction remaining 

were calculated in the following way: 

 

where A represents the mean of day 7 measurements and B is the mean of 

day 0 measurements. The error in the measurement of fraction remaining was 

estimated by following the statistical rules for propagation of uncertainty. The 

formula used for estimating the standard deviation of a ratio of means was the 

following: 

 

where σf is a standard deviation of the function f (i.e. ratio of mean 

(Day7)/mean (Day0)), σA is the standard deviation of A, σB is the standard 

deviation of B. 

2.10.3 General statistics 
2.10.3.1 Correlations 

Covariance of pairs of synaptic parameters (i.e. synapse size, fluorescence 

intensity, density and half-life) was assessed using Pearson’s correlation 

function in MATLAB. In the results Chapters, the correlation coefficient (R) 

values are presented alongside p-values (P) which determine the statistical 

significance of the correlation between the two variables. 

2.10.3.2 Bayesian analysis 
For statistical evaluation of changes in subtype densities (Chapter 5) and 

genotypes (Chapter 6), we employed Bayesian estimation method (Kruschke, 

2013). The input data were modelled assuming a t-distribution and Markov 

chain Monte Carlo algorithm was then performed to estimate the posterior 

distribution of the changes. P-values were calculated for the resulting 

distribution. Values for brain regions/subregions were modelled and tested 
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separately. The results were then corrected for multiple comparisons using the 

Benjamini-Hochberg procedure. Statistical analyses were performed by Dr 

Ragini Gokhale and Dr Zhen Qiu. 

2.10.4  Cohen’s D effect size 
The size of a difference in fraction puncta/fluorescence remaining between two 

groups was measured by calculating a Cohen’s D effect size, a measurement 

that is based on the difference between two means divided by their pooled 

standard deviation: 

 

The pooled standard deviation was calculated as follows: 

 

2.10.5  Similarity matrices 
In order to estimate the similarity of regional half-lives between brain 

subregions, similarity scores were calculated by applying a Gaussian kernel 

function to differences in PSD95 half-life and plotted as a heatmap. Similarity 

matrices are presented in Chapter 5. 

2.10.6  Heatmaps 
The heatmaps presented in Chapters 4-6 were generated via a custom-written 

python code, kindly provided by Dr Ragini Gokhale. The heatmaps utilized 

Allen Brain Atlas delineation templates and coloured the brain regions 

according to the corresponding values provided. 
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Chapter 3 Optimisation of PSD95-HaloTag 

labelling with fluorescent ligands in the 

mouse brain 
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3.1 Introduction 
The majority of published work to date utilising the HaloTag labelling 

technology in fluorescence microscopy has been done in vitro or in single-

celled organisms (Los et al., 2008a, England et al., 2015). Applications 

including visualising protein localisation (Hughes et al., 2014, Lepore et al., 

2019), detecting protein trafficking (Svendsen et al., 2008), protein turnover 

(Merrill et al., 2019, Cohen et al., 2020, Yamaguchi et al., 2009) and inducing 

labelled protein decay (Buckley et al., 2015) have all been achieved using 

HaloTag constructs in cell culture. Several groups have investigated protein 

localisation and turnover in primary neuronal cultures (Kratschke, 2018, Cohen 

et al., 2020, Merrill et al., 2019), with Kratschke (2018) performing an in-depth 

characterisation of synaptic PSD95 half-life and its response to 

pharmacological treatments using primary neurons prepared from the 

PSD95HaloTag/HaloTag mice used in the current project. 

For in vivo synaptic protein labelling a number of experimental steps had to be 

optimised and relevant controls established. We aimed to develop a method 

that would allow us to fluorescently label and visualise PSD95 with a 

comparable efficiency across different brain regions, ranging from cortical 

areas, to thalamic nuclei, olfactory bulb, cerebellum and hindbrain regions. We 

hypothesized that an intravenous (IV) injection would be most likely to achieve 

a well-spread efficient level of labelling of our protein of interest compared to 

more spatially restricted intracortical and intraocular injections or less 

permeable intraperitoneal injections. 

The feasibility of HaloTag labelling in the mouse brain via an IV injection has 

only recently been demonstrated (Grimm et al., 2017). In this study, the 

cytosolic HaloTag protein was introduced using a viral vector directly injected 

into the mouse visual cortex and was successfully labelled after the HaloTag 

ligand was injected via the tail vein. In a separate study, Masch et al. (2018) 

used the same mice as in my study (PSD95HaloTag/HaloTag) and achieved 

synaptic labelling with a fluorescent ligand directly injected into the neocortex 

of anaesthetised mice.  
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The current chapter presents the steps taken to optimize fluorescence labelling 

of PSD95-HaloTag protein across the whole brain via an IV injection of 

HaloTag ligands. More specifically, in Chapter 3 we aimed to: 

(1) Examine the ability of a several of fluorescent HaloTag ligands to cross 

the blood-brain-barrier and label PSD95 protein in brain regions 

(Chapter 3.3.1).  

(2) Assess the specificity of labelling by comparing SiR-Halo injected and 

un-injected PSD95-HaloTag animals as well as injected WT controls 

(Chapter 3.3.2).   

(3) Establish an effective dose and concentration of HaloTag dye 

compound for reliably labelling the PSD95 protein (Chapter 3.3.3). 

(4) Compare punctate expression obtained with PSD95-HaloTag labelling 

to the well-established PSD95-eGFP labelling across brain regions and 

at different stages of life (Chapter 3.3.4 and 3.3.5).  

 

3.2 Summary of methods used in this chapter 

 

Figure 3.1: A summary of the experimental workflow employed in Chapter 3. 

 

For the optimisation and control experiments, adult (2–6 months old) 

PSD95HaloTag/HaloTag, PSD95HaloTag/eGFP, and wild-type C57BL/6 mice were used 

(Figure 3.1; see Chapter 2.2 for more details). An animal technician (Will 

Mungall) injected a bolus of 200 µL 1.5 mM SiR-Halo, JF646-Halo or JF549-

Halo solution into the tail-vein of mice unless otherwise specified in the results 

sections.  Animals underwent perfusion-fixation at 6-7 hours post-injection and 

the brain tissue was processed as described in Chapter 2.6. For results in 

Chapter 3.3.3, fixed brain tissue sections were incubated in 10 µM TMR-Halo 

PSD95HaloTag/HaloTag

PSD95HaloTag/eGFP

Wild-type (C57BL/6)

HaloTag ligand Brain sections Post-fixation
TMR-Halo 
labelling

Spinning disc 
microscopy

Image 
analysis

Data 
analysis
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solution for 1 hour to label any vacant PSD95-HaloTag binding sites (for further 

details see Chapter 2.7.1). Single-synapse resolution images of PSD95 

fluorescent labelling were obtained using spinning disc confocal microscopy 

(Chapter 2.8.1). The imaging parameters used for the different mouse lines 

and fluorophores are outlined in Table 3.1. Fluorescent puncta detection and 

quantification was performed as described in Chapter 2.9. Pearson’s 

correlation analyses with Bonferroni correction for multiple comparisons were 

applied to assess the relationships in puncta density, intensity and animal 

weight parameters (for details, see Chapter 2.10.3.1). Summary data on 

PSD95-eGFP puncta parameters examined in results section 3.3.5, was 

obtained from Cizeron et al. (2020).  

Mouse line imaged Fluorescent 

label 

Laser 

line 

Laser 

power 

Exposure 

time 

Emission 

filter 

PSD95HaloTag/HaloTag 

wild-type (C57BL/6) 

SiR-Halo 640 
nm 12% 95 ms QUAD 

(700/45) 

JF646-Halo 640 
nm 12% 95 ms QUAD 

(700/45) 

TMR-Halo 561 
nm 13% 110 ms QUAD 

(607/34) 

JF549-Halo 561 
nm 13% 110 ms QUAD 

(607/34) 

PSD95HaloTag/eGFP 
SiR-Halo 640 

nm 15% 100 ms QUAD 
(700/45) 

PSD95-eGFP 488 
nm 30 % 95 ms QUAD 

(521/21) 
Table 3.1: Imaging parameters used for visualization of fluorescent markers via 
spinning disc confocal microscope. 

 

3.3 Results 
3.3.1 SiR-Halo as an effective HaloTag ligand for IV injections 

In order to compare the efficiency of PSD95-HaloTag labelling by different 

HaloTag ligands administered via IV injection, adult PSD95HaloTag/HaloTag
 were 

injected with 200 µL 1.5 mM JF549-Halo, JF646-Halo or SiR-Halo and brain 

sections were imaged on the spinning disc confocal microscope. Examples of 

high-magnification images of synaptic puncta are presented in Figure 3.2. 
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JF549-Halo produced fluorescence puncta in the thalamus, but no punctate 

staining was observed in hippocampal, cortical or hypothalamic brain regions. 

In contrast, JF646-Halo produced punctate expression across all brain regions 

examined, however, labelling in hippocampus was weak. Out of all the 

HaloTag ligands tested, SiR-Halo produced the strongest fluorescence 

staining in the hippocampal subregions and additionally, reliably labelled 

cortical and subcortical brain areas. SiR-Halo was selected as the most 

promising HaloTag fluorescent ligand for further analyses. 

 

Figure 3.2: Comparison of different HaloTag ligands in labelling efficiency of PSD95-
HaloTag fusion protein. High-magnification representative images of PSD95-HaloTag 
punctate staining obtained from brain sections of animals IV-injected with 200 µL 1.5 mM 
JF549-Halo (top row), JF646-Halo (middle row) or SiR-Halo (bottom row) solution. Examples 
from CA1sr and DGmo of hippocampus, cortical layers 2-3 and 5, as well as subcortical areas 
of thalamus and hypothalamus are presented. Scale bar: 5 µm.  

 

3.3.2 Specificity of Labelling 
Specificity of SiR-Halo labelling was assessed by comparing images of sagittal 

brain sections of PSD95HaloTag/HaloTag animal injected with SiR-Halo to the 

images of un-injected PSD95HaloTag/HaloTag and SiR-Halo injected wild-type 

brain samples (Figure 3.3A). The IV injection of SiR-Halo into 

PSD95HaloTag/HaloTag mice produced a characteristic fluorescence staining of 

PSD95, with high fluorescence observed in the mouse isocortex, hippocampus 
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and striatum. Un-injected PSD95HaloTag/HaloTag mice and injected wild-type 

negative control mice produced no detectable staining suggesting a high 

specificity of PSD95-HaloTag labelling with SiR-Halo in vivo. A closer look at 

the high-magnification example images from the injected and un-injected 

PSD95HaloTag/HaloTag brains (Figure 3.3B) confirms that only the injected brain 

shows punctate fluorescence expression. 

 

Figure 3.3: Highly specific SiR-Halo labelling of PSD95-HaloTag fusion protein. (A) High 
fluorescence levels detected in brain sections from a SiR-Halo injected PSD95HaloTag/HaloTag 
animal. Un-injected PSD95HaloTag/HaloTag and SiR-Halo injected wild-type brains display no 
fluorescence signal. (B) Punctate expression of fluorescence is only detected in SiR-Halo 
injected PSD95HaloTag/HaloTag brain samples and not in un-injected controls. Example puncta 
images taken from layer 2-3 of isocortex. 

 

3.3.3 Saturation of labelling via IV injection of HaloTag 
ligands 

In order to establish an optimal dose of SiR-Halo ligand for labelling PSD95 

protein in vivo, amounts of 100 nmol, 300nmol or 500 nmol of SiR-Halo (as a 

200 µl final solution) were injected into the tail vein of a cohort of adult animals 

and brain sections were visualized using spinning disc confocal microscopy. 

100 nmol SiR-Halo injection produced a weak fluorescence signal across the 

mouse brain, while 300 nmol and 500 nmol showed higher and more saturated 

labelling of PSD95 (Figure 3.4). Injection of 500 nmol SiR-Halo dye solution, 

however, produced severe seizure-like shaking in the animal immediately 

post-injection, most likely due to a large concentration of DMSO that was 
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needed to dissolve the dye, and therefore further testing of optimal doses was 

carried out on lower amounts of SiR-Halo. 

 

Figure 3.4: Dose-dependent increase in fluorescence labelling of PSD95-HaloTag fusion 
protein. Example images of coronal brain sections from PSD95HaloTag/HaloTag animals that 
received 100 nmol, 300 nmol or 500 nmol SiR-Halo as a 200 µL solution. 

 

Saturation of labelling by the 300 nmol SiR-Halo injection was assessed by 

applying TMR-Halo after fixation and sectioning of the tissue and labelling 

therefore revealed any unoccupied HaloTag protein binding sites (Figure 

3.5A). As shown in Figure 3.5B, IV injection of 300 nmol SiR-Halo prevented 

any TMR-Halo labelling, whereas TMR-Halo readily labelled un-injected mice. 

300 nmol injection of SiR-Halo, therefore, fluorescently labels a vast majority 

of PSD95 protein. 
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Figure 3.5: Saturation of labelling via IV injection of SiR-Halo. (A) Schematic 
representation of the ‘un-injected and unlabelled’, ‘injected and saturated’, or ‘injected and 
unsaturated’ scenarios in PSD95-HaloTag labelling. Post-fixation labelling with TMR-Halo can 
be used to distinguish between ‘saturated’ and ‘unsaturated’ states. (B) Representative 
images of hippocampus from an injected (left column) and un-injected (right column) 
PSD95HaloTag/HaloTag animal with corresponding post-fixation labelling with TMR-Halo. 

 

3.3.4 Comparison of PSD95-eGFP and PSD95-HaloTag 
labelling 

While the in vivo fluorescence labelling of PSD95-HaloTag is target-specific, 

the efficiency and distribution of labelling across different brain regions still 

needed to be assessed. PSD95HaloTag/eGFP compound heterozygous animals, 

in which half of PSD95 protein contained an eGFP fluorescent tag and the 

other half contained a HaloTag domain, were employed for comparing the 
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levels of PSD95-HaloTag and PSD95-eGFP fluorescence staining across the 

brain.  

Representative images of a sagittal brain section from 6-month-old 

PSD95HaloTag/eGFP mouse injected with 300 nmol SiR-Halo displayed 

comparable staining of PSD95-HaloTag and previously in the lab well-

characterised PSD95-eGFP (Figure 3.6A). Both fluorescent markers showed 

higher fluorescence in the cortical, hippocampal and striatal brain regions and 

lower fluorescence in the thalamic, midbrain and hindbrain areas of the brain. 

PSD95-HaloTag exhibited a slightly weaker staining across the brain 

compared to PSD95-eGFP, however, that is likely to be due to different 

imaging parameters for the two markers or the less stable nature of SiR 

compared to eGFP fluorophores.  

To quantify these results, synaptic puncta of PSD95-HaloTag and PSD95-

eGFP were detected across 110 brain regions and puncta densities of 

respective brain regions were visualized in a scatter plot (Figure 3.6B). On 

average, with PSD95-HaloTag labelling we could detect 50-70% of synaptic 

puncta detected by PSD95-eGFP. Puncta densities detected in the PSD95-

HaloTag channel correlated highly with those detected by quantifying PSD95-

eGFP fluorescent puncta (Pearson’s correlation: R = 0.9765, P < 0.0001). 

Brain subregions, colour-coded by their respective brain area, lay clustered 

along a diagonal line, with only a few hippocampal subregions (in green) 

showing mild deviation from the cluster. During titration experiments, of all 

examined brain regions, the hippocampal subregions were the last to show 

saturation in labelling by IV injection of SiR-Halo, therefore lower PSD95-

HaloTag puncta densities in hippocampal subregions as described above may 

be explained by a lack of saturation by SiR-Halo injection.  
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Figure 3.6: PSD95-HaloTag labelling is comparable to PSD95-eGFP. (A) Example sagittal 
brain images from SiR-Halo injected PSD95HaloTag/eGFP mouse. (B) Strong positive correlation 
between detected synaptic puncta density of PSD95-eGFP (x-axis) and PSD95-HaloTag (y-
axis) across 110 brain subregions (+/- SD). Each dot represents a brain subregion, and the 
colour corresponds to the overarching brain area. R and P values are from the Pearson’s 
correlation test. N = 7 animals. 

 

We next tested whether SiR-Halo-labelled puncta belong to the same 

synapses as those containing PSD95-eGFP. Co-localisation analysis was 

carried out between the two fluorescent markers across the 110 brain 

subregions and results are summarized in Figure 3.7. Around 80% of SiR-

Halo positive puncta were found to co-localise with PSD95-eGFP and the co-

localisation percentage was consistent across all brain subregions examined 

(Figure 3.7A). Given the stochastic nature of expression of the two genes in 

individual synapses, 80% is a reasonable value for co-localisation. We also 

found that out of all PSD95-positive synapses, around 40-50% contained both, 

PSD95-eGFP and SiR-Halo puncta, another ~40% contained only PSD95-

eGFP and the remaining ~10% were positive only for SiR-Halo (Figure 3.7B). 

The lack of saturation by injection of SiR-Halo is likely leading to 

underestimation in number of synapses containing both, PSD95-eGFP and 

PSD95-HaloTag, fusion proteins.  

With the HaloTag method we are labelling a subpopulation of PSD95-

containing synapses. Current analysis does not reveal what subpopulation we 

are capturing and looking at with HaloTag technology. Are they larger 

synapses? Synapses more densely packed with protein? Or synapses with a 

certain molecular composition? Further analysis on synaptic puncta properties 

of SiR-Halo and PSD95-eGFP in addition to the co-localisation analysis of the 

two markers, could reveal whether, for example, larger synapses are more 

likely to contain both, eGFP and SiR-Halo, fluorescent markers.  
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Figure 3.7: Co-localisation between PSD95-HaloTag and PSD95-eGFP synaptic puncta. 
(A) Bar graph showing the percentage of PSD95-HaloTag puncta that co-localise with PSD95-
eGFP across 110 brain subregions examined. Error bars: +/- SD. (B) Percentage of synapses 
that are SiR-Halo positive (yellow), PSD95-eGFP positive (orange) or contain both, PSD95-
eGFP and SiR-Halo labelled PSD95-HaloTag (blue). N = 7 animals. 

 

3.3.5 Puncta labelling comparable to previously published 
data 

The studies described in Chapter 4 and 5 present results of PSD95 lifetime in 

PSD95HaloTag/HaloTag animals at three different ages in mice: 3-week-old (3W; 

development), 3-month-old (3M; adulthood) and 18-month-old (18M; ageing). 

To ensure that labelling efficiency and distribution of PSD95-HaloTag is 

comparable between ages and corresponds well to the published data on 

PSD95-eGFP, PSD95-HaloTag puncta densities and mean intensities were 

compared across brain regions to the puncta parameters published in Cizeron 

et al. (2020) (Figure 3.8). Puncta density measurements of PSD95-HaloTag 

correlated strongly with puncta densities of PSD95-eGFP at all ages examined 

(Pearson’s correlation; 3W: R = 0.9344, P < 0.0001; 3M: R = 0.9230, P < 

0.0001; 18M: R = 0.9635, P < 0.0001). Strong positive correlation was also 

observed for puncta mean intensities across brain regions (Pearson’s 

correlation; 3W: R = 0.8812, P < 0.0001; 3M: R = 0.9129, P < 0.0001; 18M: R 

= 0.7993, P < 0.0001). The results suggest that PSD95-HaloTag labelling can 

reliably represent PSD95 puncta population across brain regions and stages 

of life. 
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Figure 3.8: PSD95-HaloTag labelling is comparable to the published data on PSD95-
eGFP at different stages of life. Puncta density (left column) and puncta mean intensity (right 
column) show strong positive correlation between PSD95HaloTag/HaloTag and PSD95eGFP/eGFP in 
3-week-old (3W), 3-month-old (3M) and 18-month-old (18M) animals. Each point represents 
a median density/intensity value for a brain region (+/-SD). N (PSD95HaloTag/HaloTag) = 7-10 
animals / age group. N (PSD95eGFP/eGFP) = 4-5 animals / age group. 

 

 

 

 

 

 

 

 

 

 

PS
D9

5-
Ha

lo
Ta

g 
pu

nc
ta

 d
en

sit
y 

PS
D9

5-
Ha

lo
Ta

g 
pu

nc
ta

 d
en

sit
y 

PS
D9

5-
Ha

lo
Ta

g 
pu

nc
ta

 d
en

sit
y 

PSD95-eGFP puncta density 

PSD95-eGFP puncta density 

PSD95-eGFP puncta density 

PS
D9

5-
Ha

lo
Ta

g 
pu

nc
ta

 in
te

ns
ity

 
PS

D9
5-

Ha
lo

Ta
g 

pu
nc

ta
 in

te
ns

ity
 

PSD95-eGFP puncta intensity 

PSD95-eGFP puncta intensity 

PSD95-eGFP puncta intensity 

3W
 

3M
 

18
M

 

PS
D9

5-
Ha

lo
Ta

g 
pu

nc
ta

 in
te

ns
ity

 



 84 

3.4 Discussion 
In Chapter 3, we establish the protocols for reliable and efficient in vivo 

HaloTag fluorescence labelling. Out of three HaloTag ligands tested, SiR-Halo 

proved to be the best at consistently labelling different brain regions and 

offered high specificity to PSD95-HaloTag fusion protein. An injection of 300 

nmol 1.5 mM SiR-Halo solution labelled the vast majority of PSD95 protein and 

the distribution of labelling was comparable to well-characterized PSD95-

eGFP. We observed consistent labelling of PSD95-HaloTag protein in animals 

of different ages which strongly correlated with PSD95 puncta characteristics 

described in the published literature. 

3.4.1 Capability of HaloTag ligands to cross the blood-brain-
barrier 

From the three HaloTag ligands tested, we observed a clear superiority of 

silicon-rhodamine dyes (JF646-Halo and SiR-Halo) compared to tetramethyl-

rhodamine (JF549-Halo) in penetrating the brain tissue and labelling PSD95-

HaloTag fusion protein. This may be due to unspecific binding interactions that 

JF549-Halo engages in or, more likely, the differential ability of the HaloTag 

dyes to cross the blood-brain-barrier (BBB). The BBB is a multicellular vascular 

barrier that separates the central nervous system from the peripheral blood 

circulation and controls the passage of molecules and ions into the brain 

(Obermeier et al., 2013). Endothelial cells of the BBB contain continuous 

intercellular tight junctions through which only diffusion of hydrophobic 

molecules and small (under 400-600 Da) lipophilic non-polar molecules is 

possible (Wong et al., 2013, Siegel, 1999). Large molecules, including the 

nutrients for brain cells, and immune cells travel through specialised 

transporters (Obermeier et al., 2013). BBB is unlikely to have specialised 

transporters for HaloTag ligand constructs, therefore, we would rely on passive 

forms of transport. 

The fluorescent HaloTag ligands tested are relatively small (~ 650-750 Da) but 

slightly above the threshold for size stated above. Aromatic ring systems and 

alkyl chains, which compose the large fraction of the three HaloTag-dye 
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molecules, are known to be lipophilic functional groups which aid the passage 

of the molecules through the BBB (Harrold and Zavod, 2014). The main 

difference seen between silicon-rhodamines and tetramethyl-rhodamine is the 

presence of a silicon atom in the former and an oxygen atom in the latter in 

one of the aromatic rings of the molecule. Oxygen has a higher polarity than 

silicon which would contribute to a higher polarity of the JF549-Halo ligand 

compared to its silicon-rhodamine counterparts and therefore a lower 

likelihood of it passing through the BBB efficiently. 

In the future, finding a second injectable HaloTag ligand with a compatible 

fluorescence spectrum for 2-colour imaging would be desirable. One of the 

more promising compounds is JF526-Halo (Grimm et al., 2020) which is 

fluorogenic and more lipophilic than JF549-Halo and JF646-Halo due to added 

fluorine atoms. JF526-Halo is excited by 515 nm laser therefore would be 

spectrally well separated from far-red fluorophores such as SiR-Halo and JF-

646.  

3.4.2 Effective dose of SiR-Halo for intravenous application 
Through titrating the dosage of injected SiR-Halo and analysing the 

unsaturated PSD95-HaloTag binding sites I concluded that 300 nmol 1.5 mM 

SiR-Halo solution is an optimal dose for efficient fluorescence labelling of 

PSD95. Injection of 300 nmol 1.5 mM SiR-Halo solution labelled the vast 

majority of PSD95-HaloTag as evidenced by lack of fluorescence of post-

fixation TMR-Halo label and the comparable SiR-Halo labelling to PSD95-

eGFP. Attempts to inject larger doses of SiR-Halo (500 nmol) resulted in mice 

experiencing severe ataxia and whole-body twisting which lasted for around 1 

min with residual effects felt several hours after the injection. Large 

concentration of DMSO in the injected solution is the most likely cause of the 

severe adverse effects of injection. Studies assessing the toxicity of different 

solvent concentrations when applied intravenously suggested that DMSO 

concentration in the solution should not exceed 40-45% due to the severity of 

clinical signs caused by higher concentrations (Thackaberry et al., 2014). 500 

nmol solution of SiR-Halo had 58% of DMSO which exceeded the 
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recommended norm and therefore was not used in later experiments. 300 

nmol solution has 38% of DMSO which is an acceptable concentration and 

only produces minor ataxia and whole- or partial-body twisting for ~20s after 

which animals recover completely within 1min. While further minor 

optimisations of SiR-Halo dose could be carried out in the future, care should 

be taken to balance the saturation of fluorescence labelling by injection and 

the adverse effects that larger doses of SiR-Halo produce. 

3.4.3 Tissue penetration of injected SiR-Halo 
Intravenous injection of SiR-Halo was found to consistently label all regions of 

the brain. Interestingly, while titrating the dose of SiR-Halo to be injected, we 

noticed that hippocampal CA1 subregions were the last ones to get saturated 

by injection followed by superficial layers of the cortex. This may be due to 

morphological differences in vasculature of different brain regions. Indeed, in 

rat brain CA1 region was found to have a low vascular density in contrast to 

hippocampal CA3 which was rich in micro-vessels (Wilhelm et al., 2016). 

Lower vascular density could limit the access to the tissue for HaloTag ligands. 

Low density of capillaries was also observed in superficial layers of the cortex 

with increased density in deeper layers. At 300 nmol 1.5 mM doses of SiR-

Halo, we only occasionally observed unsaturated PSD95-HaloTag binding 

sites in hippocampal CA1. Unsaturated labelling in this case may lead us to 

underestimate PSD95 puncta density, intensity and protein lifetimes in 

hippocampal CA1. 

3.4.4 Timing of tissue collection 
In the experiments above, brain tissue was collected at 6 hours post-injection 

to allow sufficient time for the injected SiR-Halo ligand to saturate PSD95 

binding sites and for the majority of the unbound ligand to clear from the body. 

In a different study, (Grimm et al., 2017) injected a HaloTag ligand into the tail-

vein and tracked the labelling in the target area in visual cortex and found the 

fluorescence to peak at 6 hours post-injection. Even though in their study 

researchers injected a different HaloTag ligand (JF585-Halo) and labelled 
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cytosolic HaloTag protein, the amount of time it took for the dye to reach its 

target in the brain after injection could be used to guide my experiments. 

Small molecules (< 1 kDa) are known to undergo fast systemic clearance (< 

24 hrs) from the body (Li et al., 2017). SiR-Halo is ~0.6 kDa in size and 

therefore would most likely be cleared from the body rapidly. The presence of 

residual unbound SiR-Halo at 6 hours post-injection would not cause false 

positive fluorescence signal since SiR-Halo is fluorogenic and only fluoresces 

when bound to the HaloTag protein (Lukinavičius et al., 2013). Small size and 

fluorogenic nature of SiR-Halo both assist in limiting interference of unbound 

ligand in measurements of synaptic PSD95-HaloTag protein. 

To further optimise the timing of tissue collection after injection, future studies 

could analyse SiR-Halo fluorescence spread and saturation in the first minutes 

and hours after injection and determine the time at which SiR-Halo labelling 

peaks across the brain. SiR-Halo injected mice could be subjected to live 2-

photon microscopy through a cranial window which would provide high 

temporal resolution on SiR-Halo labelling across the brain. To provide further 

confidence on the clearance rates of unbound SiR-Halo ligands, blood 

samples from mice injected with SiR-Halo could be collected at different time 

points post-injection and subjected to liquid chromatography - mass 

spectrometry analysis. Concentrations of SiR-Halo in analysed samples could 

be plotted against time to estimate half-life of unbound SiR-Halo in the body. 

3.4.5 Control labelling with PSD95-eGFP 
The efficiency and distribution of injected SiR-Halo labelling was confirmed by 

using PSD95-eGFP fluorescence as an internal control in a mouse model 

where one allele of Psd95 gene contained a HaloTag and the other eGFP. 

SiR-Halo distributed evenly across brain regions as evidenced by a strong 

positive correlation of regional puncta numbers detected by SiR-Halo and 

eGFP. With SiR-Halo, however, we could detect 50-70% of puncta detected 

by PSD95-eGFP which may be due to a number of reasons: less efficient 

labelling by injected SiR-Halo, different fluorescence properties of the two 

fluorophores, different imaging or puncta detection settings. SiR-Halo and 
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eGFP are both bright fluorophores, with SiR possessing a relative brightness 

of 39,000 M-1cm-1 (extinction coefficient = 100,000 M-1cm-1 and fluorescence 

quantum yield of 0.39) and eGFP having 33,000 M-1cm-1 (extinction coefficient 

= 55,000 M-1cm-1 and quantum yield = 0.6) (Lukinavičius et al., 2013, Patterson 

et al., 2001). While SiR-Halo is a brighter fluorophore, eGFP appears to be 

more photostable and less prone to photobleaching. The relative differences 

in the fluorescence properties of SiR-Halo and eGFP together with their 

respective imaging and detection parameters would contribute to differences 

observed at the level of detected puncta numbers. Since SiR-Halo labelling, 

on average, distributed evenly across the brain regions, discrepancies in raw 

numbers of SiR-Halo and eGFP puncta detected are not of major concern for 

further work on PSD95 protein lifetime estimates.
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Chapter 4 The diversity of PSD95 lifetimes in 

adult mouse brain 
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4.1 Introduction 
The structural stability of post-synaptic structures is thought to be important for 

long-term information storage and the lifetime of proteins that compose these 

structures may instruct us on the functional stability of synapses. We 

measured the lifetime of PSD95, an abundant scaffolding protein that 

assembles post-synaptic glutamate receptors and signalling proteins into 

functioning complexes. Absence of PSD95 is known to cause severe learning 

and memory impairments emphasizing the importance of this molecule in 

healthy functioning of synapses (Migaud et al., 1998). Mutations in PSD95-

interacting proteins have also been associated with >130 psychiatric and 

neurological diseases in humans (Bayés et al., 2011).  Since the lifetimes of 

proteins that interact within the complexes are known to corelate, measuring 

the lifetime of PSD95 may provide us information on the lifetime of multi-protein 

complexes in the synapse (Mathieson et al., 2018, Martin-Perez and Villén, 

2017, Price et al., 2010). 

PSD95 protein half-life has previously been measured in primary cell cultures 

(Ehlers, 2003, El-Husseini et al., 2002, Cohen et al., 2013) and in vivo (Price 

et al., 2010, Heo et al., 2018b, Fornasiero et al., 2018), but these 

measurements relied on bulk protein extracts and thus lacked spatial 

resolution. Higher spatial and temporal resolution for half-life measurements 

was achieved by FRAP (fluorescence recovery after photobleaching) studies 

in vitro (Nakagawa et al., 2004, Sharma et al., 2006, Kuriu et al., 2006, Hruska 

et al., 2015) and in vivo (Gray et al., 2006). FRAP measurements, however, 

are limited to small numbers of synapses and are very sensitive to diffusion 

and other movement of molecules in addition to protein turnover which may 

affect the interpretation of half-life measurements. 

The mechanisms governing protein lifetime may be different between brain 

regions, neuron cell types, parts of dendritic tree and individual synapses, and 

such differences would be important for the specific functions of brain regions. 

To my knowledge, only one study to date has looked into the regional 

difference in synaptic protein lifetimes (Fornasiero et al., 2018). In this study, 
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synaptosome preparations from cerebellum and cortex of heavy isotope-fed 

mice were subjected to mass spectrometry analysis and results revealed that 

synaptic proteins located in cerebellum had shorter half-lives compared to 

those based in the cortex. We aimed to expand on this study and apply single-

synapse resolution techniques to examine PSD95 protein lifetime in 110 brain 

regions and subregions, dendritic arbour of pyramidal cells and visualise the 

location of synapses with long and short protein lifetimes.  

The current chapter presents brain-wide single-synapse resolution 

visualisation and estimates of PSD95 protein lifetime. More specifically, in 

Chapter 4 we aimed to: 

(1) Visualize synaptic PSD95 lifetime over 14 days in a sagittal plane of the 

mouse brain (Chapter 4.3.1 and 4.3.2). 

(2) Confirm that the decayed protein is replaced with newly synthesized 

PSD95 in stable synapses (Chapter 4.3.3 and 4.3.4). 

(3) Estimate the half-life of PSD95 in 110 brain subregions using two 

complementary methods (Chapter 4.3.5). 

(4) Investigate PSD95 protein lifetime across the dendritic arbour (Chapter 

4.3.6). 

(5) Assess whether PSD95 half-life differs between synapse types and 

subtypes (Chapter 4.3.7 and 4.3.8). 

 

4.2 Summary of methods used in this Chapter 

 

Figure 4.1: A summary of the experimental workflow for Chapter 4. 
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For results presented in Chapters 4.3.1 - 4.3.7, 3-month-old 

PSD95HaloTag/HaloTag mice were used while the studies presented in Chapter 

4.3.8 used data from 6-month-old PSD95HaloTag/eGFP; SAP102mKO2/+ animals 

(Figure 4.1; see Chapter 2.2 for more details). The mice received a bolus 

injection of 200 µl 1.5 mM SiR-Halo solution and were perfused at different 

times post-injection (please see Chapter 2.6 for details). For the study 

presented in Chapters 4.3.1 - 4.3.5, the animals were sacrificed at 5 different, 

roughly exponentially increasing time points post-injection as shown in Figure 

4.2. For studies presented in Chapters 4.3.7 - 4.3.8, the animals were 

sacrificed at day 0 or day 7 post-injection. For results presented in Chapters 

4.3.3 - 4.3.4, fixed brain sections were incubated in 10 µM TMR-Halo solution 

to label vacant PSD95-HaloTag binding sites (for further details see Chapter 

2.7.1). Single-synapse resolution images were obtained using spinning disc 

confocal microscope (Chapter 2.8). The imaging parameters used for the 

studies presented in Chapter 4 are summarized in Table 4.1. Fluorescent 

puncta were detected and quantified as described in Chapter 2.9. Density- 

and intensity-based PSD95 half-life estimations were performed by fitting a 

single-phase exponential decay on regional puncta densities and puncta 

fluorescence intensities, respectively (Chapter 2.10.1).  

 

Figure 4.2: The time points and numbers of animals used in the study estimating PSD95 
half-life. 
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Mouse line 

imaged 

Fluorescent 

label 

Laser 

line 

Laser 

power 

Exposure 

time 

Emission 

filter 

PSD95HaloTag/HaloTag 
SiR-Halo 640 

nm 12 % 95 ms QUAD 
(700/45) 

TMR-Halo 561 
nm 13 % 110 ms QUAD 

(607/34) 

PSD95HaloTag/eGFP / 
SAP102mKO2/+ 

SiR-Halo 640 
nm 15 % 100 ms QUAD 

(700/45) 

PSD95-eGFP 488 
nm 30 % 95 ms QUAD 

(521/21) 

SAP102-
mKO2 

561 
nm 40 % 100 ms QUAD 

(607/34) 
Table 4.1: Imaging parameters for visualization of fluorescent markers in Chapter 4. 

 

4.3  Results 
4.3.1 Most PSD95 degrades over a two-week period 

Images collected from PSD95HaloTag/HaloTag mice injected with SiR-Halo and 

sacrificed at five different time points post-injection (6 hours, 1.5 days, 3 days, 

7 days and 14 days) revealed a loss of labelling across brain regions (Figure 

4.3 and Appendix 1). Interestingly, we observed that different brain regions 

displayed different rates of fluorescence decay. At day 14, subregions of the 

thalamus, midbrain, olfactory, cerebellar and hindbrain had little or no 

detectable labelling while isocortex, hippocampus and striatum showed 

substantially dimmed but still visible fluorescence. Severe reduction in 

fluorescence over 14 days suggests a degradation of initially fluorescently 

labelled PSD95 protein. 
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Figure 4.3: SiR-Halo fluorescence labelling at five time points post-injection. 
Representative images from whole brain, layers of the isocortex and hippocampal formation. 
CTX, isocortex; HPF, hippocampal formation; OLF, olfactory areas; STR, striatum; PAL, 
pallidum; HY, hypothalamus; TH, thalamus; MB, midbrain; CB, cerebellum; P, pons; MY, 
medulla; CA1so, CA1 stratum oriens; CA1sr, CA1 stratum radiatum; CA1slm, CA1 stratum 
lacunosum-moleculare; DGmo, dentate gyrus molecular layer; DGpo, dentate gyrus 
polymorphic layer; SUB, subiculum. Scale bars: 2 mm (whole brain), 500 µm (isocortex and 
hippocampal formation). 
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4.3.2 PSD95 degrades at different rates across brain regions 
From the images presented in section 4.3.1, it appears that some brain 

regions and subregions show faster decay of labelled PSD95-HaloTag puncta 

than others. High-magnification examples of punctate staining reveal a 

gradient in decay rates in the layers of isocortex, with synapses with the 

longest PSD95 lifetime located in superficial layers (layer 1) and those with the 

shortest lifetime located in deep layers (layer 6) of the isocortex (Figure 4.4A 

and Appendix 2). In hippocampus, synapses of the CA1 pyramidal cells 

showed longer PSD95 lifetimes compared to those of CA2 and CA3 pyramidal 

cells, suggesting that the mechanisms controlling the rates of turnover may be 

specific to pyramidal cell subtypes (Figure 4.4B). While larger synapses are 

often correlated with higher stability (Berry and Nedivi, 2017), large CA3 thorny 

excrescence synapses showed shorter lifetimes compared to smaller-sized 

synapses of the CA1 (Figure 4.4C). The observation of differences between 

brain regions raises an intriguing hypothesis that PSD95 lifetime may be 

region- or even synapse type-specific. 
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Figure 4.4: Fluorescent puncta decay in different brain subregions. High-magnification 
single-synapse resolution example images of SiR-Halo puncta decay over a period of 14 days. 
(A) Representative puncta images from layers of the motor cortex. (B) puncta decay in stratum 
radiatum area of CA1, CA2 and CA3 pyramidal cells. (C) Examples of large (CA3 stratum 
lucidum) and small (CA1 stratum radiatum) puncta decay. Scale bar: 5 µm. 

 

4.3.3 Degraded PSD95 is replaced by newly synthesized 
protein 

In order to confirm whether over the 14-day period the “old” protein is replaced 

by “new”, post-fixation labelling with TMR-Halo was performed to visualize any 

PSD95-HaloTag proteins unlabelled by SiR-Halo.  At day 0, SiR-Halo 

produced strong punctate staining which was absent or nearly absent in TMR-

Halo labelled images (Figure 4.5A). Over time, however, SiR-Halo labelling 

decreased while TMR-Halo increased the labelling of synaptic puncta. Puncta 

densities of detected SiR-Halo and TMR-Halo at different time points were 

quantified and examples from isocortex and hippocampal formation are 

presented in Figure 4.5B. TMR-Halo labelling is ~30% at day 0 indicating that 

even though the initial injection of SiR-Halo was efficient in labelling PSD95-

HaloTag binding sites, some of the binding sites were not saturated by injection 

and were instead occupied through post-fixation labelling with TMR-Halo. 

Saturation by injection is discussed further in Chapters 3.3.3 and 3.3.4. The 

transition from the majority of puncta having a SiR-Halo label to the majority 

having TMR-Halo label supports the hypothesis that PSD95 protein initially 

labelled via the IV injection degrades over time and is replaced by newly 

synthesized PSD95 that was not labelled by the injected SiR-Halo. 
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Figure 4.5: Degraded SiR-Halo labelled PSD95-HaloTag is replaced by new protein. (A) 
High-magnification representative images of PSD95-HaloTag puncta at different times post-
IV injection in layer 2-3 of motor cortex. SiR-Halo labelling (top row) becomes dimmer with 
time while post-fixation applied TMR-Halo labelling (bottom row) increases with time. Scale 
bar: 5 µm. (B) Quantified SiR-Halo (magenta) and TMR-Halo (green) puncta numbers at 
different time points post-injections of SiR-Halo. The values are normalised to the mean of the 
maximum labelling for SiR-Halo (i.e. at day 0) and TMR-Halo (i.e. day 14). Error bars: +/- SD. 
N = 3 animals / time point. 

 

4.3.4 Protein turnover in stable synapses 
PSD95 protein decay observed in sections 4.3.1-4.3.3 may be due to the 

replacement of old protein with new or the removal of whole synaptic structures 

(i.e. turnover of dendritic spines). To understand the contribution that spine 

turnover has to the decay of PSD95, brain sections from day 3 post-injection 

of SiR-Halo were stained with TMR-Halo and co-localisation of the “old” and 

“new” protein was examined. Large fractions of co-localised puncta would 

suggest that protein is being replaced within stable synapses. In contrast, large 

A 

B 
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fraction of synapses containing only “new” protein would point to a substantial 

turnover and production of new dendritic spines. Figure 4.6 presents images 

of SiR-Halo and TMR-Halo puncta co-localisation in subregions of isocortex 

and hippocampal formation (for examples from other subregions, see 

Appendix 3). The majority of synaptic puncta across the subregions appear 

yellow suggesting the presence of both “old” and “new” protein inside them. 

Co-localisation analysis was carried out between SiR-Halo and TMR-Halo 

labelled synaptic puncta and results are presented in Figure 4.7. Majority, 

between 50% and 60%, of puncta in layers of the motor (MO) and 

somatosensory (SS) cortices show co-localisation between SiR-Halo and 

TMR-Halo. Layer-dependent differences were observed for “SiR-Halo only” 

and “TMR-Halo only” populations of synaptic puncta, with superficial layers of 

the cortex containing larger percentages of “SiR-Halo only” compared to 

“TMR-Halo only” puncta while deeper layers containing more “TMR-Halo only” 

puncta. Similarly, over 40% of puncta in most of the hippocampal subregions 

showed co-localisation at day 3 post-injection. CA2 subregions were an 

exception, with less than 20% of puncta showing co-localisation. The 

difference in the percentage of co-localised puncta at day 3 post-injection 

could be related to the turnover rate of protein across the different brain 

subregions. Interestingly, CA2 appears to have one of the fastest PSD95 

turnover rates (Figure 4.4) and the co-localisation analysis revealed that more 

than 70% of the puncta in CA2 were TMR-Halo positive and did not contain 

any detectable SiR-Halo. These findings suggest that at day 3 post-injection a 

large proportion of SiR-Halo labelled protein in CA2 had already been replaced 

with new protein and therefore an earlier time point for co-localisation analysis 

might be useful to better assess whether protein is turned over in stable 

synapses. Despite varying rates of turnover in subregions and thus varying 

relative amounts of SiR-Halo and TMR-Halo labelling, a substantial proportion 

of synapses contained both “new” and “old” protein supporting the view that 

protein is turning over in structurally stable synapses. 
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Figure 4.6: PSD95 turns over in stable synapses. High-resolution puncta images of SiR-
Halo (red) injected PSD95-HaloTag mouse brain sections post-fixation stained with TMR-Halo 
(green) 3 days after injection. (A) Examples from layers of motor cortex (MO) and 
somatosensory cortex (SS). (B) Puncta examples from subregions of the hippocampal 
formation. Yellow puncta contain both, SiR-Halo and TMR-Halo labelled PSD95-HaloTag. 

 

A B 
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Figure 4.7: Co-localisation between SiR-Halo and TMR-Halo labelling. Bar graph showing 
the percentage of fluorescent puncta that are positive for SiR-Halo only, TMR-Halo only or are 
co-localised in the brain regions presented in Figure 4.6. 

4.3.5 Half-life estimation 
Regional PSD95 half-lives were estimated for 110 brain subregions in adult 

mouse brain via two different methods: (1) decay of PSD95-containing puncta 

(i.e. puncta density-based method) and (2) decay of synaptic PSD95 protein 

(i.e. puncta intensity-based method). 

4.3.5.1 Puncta density-based decay 
For each brain region examined, fluorescent puncta densities were quantified 

at different times post-injection of SiR-Halo and a single-phase exponential 

decay curve was fitted to estimate the half-life of PSD95-positive puncta 

(Figure  4.8A). Surprisingly, the regional half-life estimates were found to 

range 10-fold, with the longest half-life of 12.1 days found in layer 1 of the 

motor cortex and the shortest of 1.2 days found in the glomerular layer of the 

olfactory bulb. At day 14, in the superficial layers of the cortex we could still 

detect over 30% of synaptic puncta we started with at day 0, however, in 

olfactory bulb, all fluorescent puncta were already gone by day 7, an 

observation which signifies the magnitude of a regional difference in lifetime of 

PSD95-positive puncta.  
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A summary of PSD95-positive puncta half-life estimates is presented in Figure  

4.8B (for raw numbers, see Appendix 4). Overall, half-life was found to be the 

longest in cortical and some of the hippocampal subregions and the shortest 

in the olfactory bulb and the thalamus. Striatum, hypothalamus, midbrain, 

cerebellum and hindbrain had average half-lives in the range of 3-5 days. 

Interestingly, within isocortex, all brain regions exhibited a gradient with a ~2.5-

fold range in PSD95 half-life from layer 1 (T1/2 = 10.6 days) to layer 6b (T1/2 = 

4.5 days). In hippocampal formation, initial parts of the trisynaptic circuit 

(dentate gyrus, CA3, and CA2) had shorter half-lives (T1/2 = 3.5, 3.0 and 1.9 

days, respectively) than the latter part of the circuit, hippocampal CA1 (T1/2 = 

5.5 days). The ranked half-live estimates (+/- 95% confidence interval) in 

Figure  4.8C reveal a cluster of cortical brain regions with the longest half-lives 

and a set of subregions of olfactory bulb and hippocampus that have the 

shortest half-lives out of the regions examined.  
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Figure 4.8: PSD95-positive puncta show diverse half-lives across brain regions. (A) 
Example fitted single-phase exponential decay curves for the regions with the longest half-life 
(motor cortex, layer 1) and the shortest half-life (main olfactory bulb, glomerular layer). Each 
dot represents a normalised puncta density value for the animal. Vertical dashed line 
represents the estimated half-life. (B) A summary heatmap of PSD95-positive puncta half-lives 
(in days). Dark red colours highlight brain regions with long half-lives while pale red colours 
point to regions with short half-lives of PSD95-positive puncta. (C) A rank of brain regions by 
their half-life (+/- 95% CI) reveals a cluster of cortical subregions (navy blue) sharing long half-
lives while several of the hippocampal (green) and olfactory subregions (blue) clustering at the 
shortest half-lives. N = 7-10 animals / time point. 
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4.3.5.2 Puncta intensity-based decay 
Fluorescence intensity of detected puncta was summed up for individual brain 

regions, plotted against time and a single-phase exponential decay was fitted 

to estimate half-life of synaptic PSD95 protein. The half-life estimates ranged 

from 1 day in the glomerular layer of the main olfactory bulb to 6.6 days in the 

layer 1 of the frontal pole cortical region (Figure  4.9A; for raw numbers see 

Appendix 4). A summary heatmap of regional PSD95 protein half-lives 

reveals longer half-lives in cortical, some of the hippocampal, hypothalamic 

and midbrain regions while the shortest half-lives were detected in olfactory 

bulb, thalamus, and several subregions of the hippocampus (Figure  4.9B). 

The rank of half-life estimates, similarly to what was observed with the density-

based measurement, reveals cortical regions clustering towards the longer 

half-lives while the subregions of olfactory bulb and thalamus clustering 

towards the shorter half-lives (Figure  4.9C). In contrast to the density-based 

half-life estimates, the 95% confidence intervals in the intensity-based 

estimates are wide and largely overlapping suggesting a larger uncertainty in 

the intensity-based measurements. 
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Figure 4.9: Synaptic PSD95 protein half-lives range 6-fold across brain regions. (A) 
Example fitted single-phase exponential decay curves for the regions with the longest half-life 
(frontal pole, layer 1) and the shortest half-life (main olfactory bulb, glomerular layer). Each 
dot represents a summed puncta intensity value for the animal. (B) A summary heatmap of 
synaptic PSD95 protein half-lives (in days). Dark red colours highlight brain regions with long 
half-lives while pale red colours point to regions with short half-lives of synaptic PSD95 protein. 
(C) A rank of brain regions by their half-life (+/- 95% CI) reveals a cluster of cortical subregions 
(navy blue) sharing long half-lives while several of the hippocampal (green) and olfactory 
subregions (light blue) clustering at the shortest half-lives. N = 7-10 animals / time point. 
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4.3.5.3 Comparison of the density- and intensity-based 
half-lives 

Puncta intensity-based half-life estimates were found to be on average smaller 

compared to the density-based estimates. In order to test how comparable the 

two measurements were across different brain regions, we correlated density- 

and intensity-based half-life estimates for all 110 brain regions examined 

(Figure  4.10). A strong positive correlation was observed (Pearson’s 

correlation, R = 0.9088, P < 0.0001) suggesting that the two measurements 

are comparable and show highly similar trends in regional estimates of half-

lives. 

 

Figure 4.10: Correlation between density- and intensity-based half-life measures. 
Puncta density- (x-axis) and intensity-based (y-axis) estimations of half-life (in days) show a 
strong positive relationship. Each dot represents a brain subregion and colours correspond to 
the parent brain areas. Pearson’s correlation test. 

 

R = 0.9088
P < 0.0001
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4.3.6 PSD95 lifetime gradients in CA1 dendrites 
The polarized morphology of neurons and longer distances that proteins and 

molecular machineries need to travel to reach distal synapses raised questions 

about protein lifetime in different parts of the dendritic tree. PSD95 lifetime was 

assessed in dendritic layers of the CA1 in brain images from day 0 and day 7 

mice (Figure 4.11 and Appendix 5). CA1 region was subdivided into small 

segments of equal thickness and SiR-Halo-positive puncta were quantified for 

each of the delineated areas. Mean fraction of puncta at day 7 compared to 

day 0 (+/- SD) was calculated for each segment. PSD95 protein lifetime was 

found to increase with distance from the soma in CA1 stratum radiatum before 

dropping at the boundary with stratum lacunosum. Protein lifetime again 

increased throughout stratum lacunosum and moleculare. Increase in PSD95 

protein lifetimes with distance from the cell body was also observed in the 

basal dendrites (CA1 stratum oriens). Longer protein lifetimes further away 

from the soma indicate differences in protein metabolism in proximal and distal 

dendrites. 

 

Figure 4.11: Fluorescent puncta decay across apical and basal dendrites of the CA1 
pyramidal cells. Line plot presents mean fraction of puncta remaining at day 7 compared with 
day 0, +/- SD. Day 0, N = 3; day 7, N = 3 animals. 
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4.3.7 PSD95 half-life correlates with synapse parameters 
Any relationships between synapse parameters and PSD95 half-life were 

established by correlating PSD95 density-based half-lives and day 0 puncta 

density, mean intensity and puncta size (Figure 4.12). All three puncta 

parameters do show a positive correlation with half-life estimates therefore 

suggesting that brain regions containing higher density of synapses, synapses 

with higher PSD95 protein content or synapses larger in size tend to have 

longer PSD95 half-lives. The correlations, however, were based on average 

synapse intensity and size measurements which provide little information on 

the behaviour of individual synapses within the diverse puncta population. 

 

Figure 4.12: PSD95 half-life correlates with synapse parameters. Puncta density, puncta 
mean intensity and puncta size all show positive correlation with PSD95 half-life. Each dot 
represents a brain subregion. 
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estimated lifetime reveals that some subtypes show very little decay over 7 

days (<20 %) while others display a decay of ~70 % over the same time period 

(Figure 4.13A). On the whole-brain scale, subtype 2 retained the most (96.7 

%) and subtype 6 the least (23.3 %) of SiR-Halo label. Similar ranking was 

observed for 12 main brain areas (Appendix 7) and individual brain 

subregions (Figure 4.13B; for raw data see Appendix 9). Two of the longest 

protein lifetime subtypes, subtype 2 and 34, are among the largest synapse 

subtypes (subtype 2, 7, 27 and 34 are the largest and are defined by their large 

PSD95-eGFP puncta size) (Zhu et al., 2018), suggesting that bigger synapses 

may retain their protein for longer. In addition, out of the highest fluorescence 

intensity subtypes (i.e. subtypes 20, 34, and 35), 34 and 35 are long protein 

lifetime subtypes, indicating that synapses containing larger amounts of 

protein may be more stable and have slower turnover of their protein. 

Interestingly, Type 1 (PSD95-only) and Type 3 (PSD95 + SAP102) synapses 

both contain long- and short-lived subtypes suggesting that the molecular 

composition is not playing a major role in determining the lifetime of protein in 

synapses.  

Since long protein lifetime (LPL) synapses show greatest protein stability and 

therefore may be important for molecular memory storage, we quantified the 

percentage that LPL synapses occupy in the total population of excitatory 

synapses across different brain subregions. We grouped together five longest-

lived subtypes (subtypes 2, 34, 2, 35 and 5) to represent the LPL synapse 

population. In the whole brain, LPL synapses represented 6.7% of the total 

synapse number (Figure 4.13C and Appendix 8). Interestingly, there was a 

marked variation in percentage of LPL synapses across brain regions and 

subregions, with a 15-fold range in the main brain areas: isocortex (11.9%), 

striatum (5.9%), cortical subplate (4.4%), cerebellum (3.9%), HPF (3.8%), 

olfactory areas (3.0%), midbrain (2.4%), hypothalamus (2.2%), medulla 

(2.2%), pons (2.1%), pallidum (1.8%) and thalamus (0.8%). At the level of 

subregions, the highest percentage of LPL synapses was detected in layer 2/3 

of the somatosensory cortex (17.2%) and the lowest in CA2 stratum 

lacunosum-moleculare (0.2%) (for raw data, see Appendix 10). In the 
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isocortex, superficial layers had 4- to 5- fold more LPL synapses compared to 

the deep layers, while in the HPF, LPL synapse number ranged 10-fold 

between subregions. The drastic difference in LPL synapse numbers across 

the brain points to a varied capacity of brain regions to store information in 

synapses. 

 

Figure 4.13: PSD95 lifetime differs between synapse subtypes. (A) Percentage of SiR-
Halo-containing subtypes at day 7 compared to day 0 in the whole brain (+/- SD). The bars 
are ranked according to their associated PSD95 lifetimes. Subtype ID is given at the bottom. 

C A 
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Colours correspond to synapse type (type 1: PSD95-only and type 3: PSD95 + SAP102). (B) 
A heatmap of subtype lifetimes across brain subregions. Note: scaled rows. (C) Percentage 
of synapses represented by LPL synapses across brain subregions. Dashed line: average 
percentage of LPL synapses for the whole brain. Day 0, N = 8; day 7, N = 8 animals. 

 

4.4 Discussion 
In Chapter 4, we visualise and quantify the lifetime of synaptic PSD95 across 

the brain of adult mice. SiR-Halo labelled PSD95 decayed at different rates 

across brain regions. Decayed protein was replaced by newly synthesized 

PSD95, as confirmed by post-fixation staining with TMR-Halo ligand. Half-lives 

of PSD95-positive puncta and synaptic PSD95 protein were calculated for 110 

brain subregions and showed multi-fold differences. Superficial layers of the 

cortex showed the longest PSD95 lifetimes while olfactory, CA2 and thalamic 

subregions had the shortest lifetimes. Finally, we identified synapse subtypes 

which possess long protein lifetimes (LPL synapses), and their numbers were 

enriched in cortical subregions, areas of the brain known to store long-term 

memories. 

4.4.1 PSD95 half-life estimates in context of previous 
literature 

PSD95 half-life estimated in Chapter 4 is on average slightly shorter than that 

estimated in in vivo studies using SILAC and heavy isotope labelling (Price et 

al., 2010, Heo et al., 2018b, Fornasiero et al., 2018) but longer than the 

estimates performed in primary cell cultures (Kratschke, 2018, Ehlers, 2003, 

El-Husseini et al., 2002). I found PSD95 half-life to range from 1.2 days to 12.1 

days in density-based estimate and from 1 day to 6.6 days in intensity-based 

measurement. Price et al. (2010) estimated PSD95 half-life for the whole brain 

homogenate to be 15.3 days which is larger than any of the half-life values I 

found for individual brain regions or subregions. Heo et al. (2018b) performed 

their measurement on synaptosomes from mouse forebrain and found the half-

life to be ~30 days. Fornasiero et al. (2018) found the half-life of PSD95 to be 

16.43 days in cortical synaptosomes and 12.73 days in synaptosomes from 

cerebellum. In vitro the half-lives ranged from 8 hours in synaptosomes from 

rat cortical neurons (Ehlers, 2003) to 36 hours found in rat hippocampal 
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neurons (El-Husseini et al., 2002) and mouse hippocampal and cortical 

neurons (Kratschke, 2018). The observation that protein lifetime estimates are 

smaller in vitro compared to in vivo is well recognised (Cohen and Ziv, 2019, 

Alvarez-Castelao and Schuman, 2015). The differences observed between the 

in vivo measurements may be due to a number of factors: (a) efficiency of 

labelling the existing protein, (b) the number of time points used to estimate 

half-life, (c) parts of the brain tissue used for measurements and (d) sensitivity 

of the measurement technique. The labelling whether with heavy isotopes or 

HaloTag ligands is never 100% saturating and less than saturating labelling 

will induce bias towards lower half-life value estimates. The number of time 

points used for estimating half-life should ideally be more than 2 to ensure a 

reasonable fitting of the exponential decay function to data acquired. In my 

study we used 5 time points for half-life calculations while Price et al. (2010) 

used 9 time points and Heo et al. (2018b) as well as Fornasiero et al. (2018) 

used only 2 time points. Parts of the brain tissue used for measurements were 

also different between studies, with some using synaptosome preparations 

others whole-tissue homogenates and some using isolated brain regions while 

others doing the measurement on whole brain tissue. Considering the multi-

fold differences in half-life we observed between brain regions, selection of 

different brain areas for analysis may result in vastly different estimates of 

protein lifetime. Finally, different measurement techniques may have their 

associated limits in sensitivity. In the case of imaging HaloTag-labelled PSD95, 

puncta of very low intensity, as would happen at later time points after injection, 

will eventually hide in the background noise of the tissue and will no longer be 

detected as puncta. Such undetected puncta would skew the half-life 

estimates towards smaller values. Despite the technical limitations and choice 

of techniques and protocols that all induce differences in resulting 

measurements, in vivo measurements of lifetime (including the present study) 

all find the lifetime of PSD95 to be in the order of several days. 

4.4.2 Possible factors influencing protein lifetime 
More than 6-fold differences in PSD95 lifetime observed between brain regions 

and subregions raises questions about the possible factors contributing to 
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differential protein decay. Below I discuss several biological aspects that may 

play a role in governing protein lifetime. 

4.4.2.1 Cell-type 
In our study we observe hints of cell-type specific PSD95 protein lifetimes. 

Lifetime was found to be the longest in isocortex, subiculum and hippocampal 

CA1, areas populated largely by pyramidal cell types. In contrast, shortest 

protein lifetime was found in the olfactory bulb composed of mitral cells, tufted 

relay neurons and granule cells (Nagayama et al., 2014). Cell subtype specific 

differences in lifetime could be observed in the hippocampal formation, where 

CA1 pyramidal cells showed longer lifetime compared to CA2 and CA3 

pyramidal cells. Our results support previous literature showing that protein 

lifetimes differ between tissue and cell types (Fornasiero et al., 2018, 

Dörrbaum et al., 2018, Price et al., 2010, Lajtha et al., 1976, Lajtha, 1959). 

When heart, muscle, liver and brain tissues were examined, brain tissue was 

found to have longest protein lifetimes (Lajtha, 1959, Lajtha et al., 1976, 

Fornasiero et al., 2018, Price et al., 2010). Within the brain, comparisons have 

been made between neuronal and glial cells, and neurons, on average, 

displayed longer protein lifetimes (Fornasiero et al., 2018, Dörrbaum et al., 

2018). The only published study to date comparing protein lifetimes between 

neuronal cell types was Fornasiero et al. (2018) which examined protein half-

life in cerebellum and cortex which are composed of primarily granular and 

pyramidal cells, respectively. The study found the lifetime of different classes 

of proteins to differ between cerebellum and cortex, with histone associated 

proteins showing longer lifetimes in the cerebellum while cell adhesion 

molecules, septin and exo-endocytosis factors displaying longer lifetimes in 

the cortex. PSD95 lifetime in this study was found to be longer in the cortex 

compared to cerebellum. Our results agree with findings presented in 

Fornasiero et al. (2018) with cortical areas having longer PSD95 lifetime 

compared to subregions of the cerebellum. 

In order to assess neuron cell-type specific synaptic PSD95 protein lifetimes, 

future experiments could employ conditional PSD95-HaloTag mouse lines in 
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which only the protein present in a particular cell type would express the 

HaloTag construct. Future studies could also further confirm our findings by 

examining the transciptomic profiles of different neuron types and looking for 

correlations between the presence and abundance of specific transcripts with 

the longevity of protein lifetime. Particular attention should be paid to 

transcripts of proteins that regulate protein synthesis and degradation, such as 

those that encode ribosomal subunits or E3 ligases specific to proteins of 

interest as those could give us some insight into the relative presence and 

abundance of molecular machinery regulating protein turnover.  

4.4.2.2 Activity-dependent mechanisms 
Increasing brain activity by environmental enrichment in vivo or synaptic 

activity by bicuculline in vitro have both been shown to change the lifetime of 

a number of proteins (Ehlers, 2003, Fornasiero et al., 2018, Heo et al., 2018b, 

Kratschke, 2018). In these studies, however, only minor or no effects were 

seen on the lifetime of PSD95. Since previous studies were done on selected 

forebrain regions, a possibility remains that in the regions not yet examined, 

such as the olfactory areas, thalamus and cerebellum, activity plays a more 

substantial role in regulating protein lifetime. The present study did not assess 

the effects of increased activity on half-life of PSD95. In the future, however, 

HaloTag ligand-injected PSD95-HaloTag mice could be subjected to 

environmental enrichment paradigm and careful measurements could be 

made of changes in protein lifetime in multiple brain regions and subregions. 

4.4.2.3 Distance from soma 
Our analysis of PSD95 lifetime in synapses from distal and proximal dendrites 

of CA1 revealed that synapses located further away from the cell body tend to 

have longer protein lifetimes compared to synapses neighbouring the soma. 

Similar gradients of PSD95-eGFP puncta intensity and, to a lesser extent, size, 

have been observed previously (Cizeron et al., 2020). The gradient of protein 

expression in CA1 dendritic tree is not unique to PSD95. Several published 

studies have recorded gradients of synaptic AMPA receptors (Andrasfalvy and 

Magee, 2001, Nicholson et al., 2006, Menon et al., 2013, Walker et al., 2017). 
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Unique neuronal cell morphology may be the reason for the observed 

molecular gradients. Neurons are highly polarized cells, and their dendrites 

can extend hundreds of micrometres away from the cell body. The cell’s DNA 

and majority of protein synthesis and degradation machinery are present in the 

soma which causes at least a fraction of newly made synaptic proteins or 

proteins requiring degradation to travel long distances to their target 

destinations. Synapses in distal neurons would be most likely to get affected 

and this may impact the lifetime of synaptic proteins. Our observation that 

distal synapses have longer lifetimes is consistent with the idea that longer 

time and more complicated logistics are needed to supply protein to these 

synapses and therefore maintaining slower turnover of distally placed proteins 

may be more optimal. 

To better understand how much of a constraint protein trafficking may be on 

the supply of PSD95 protein to distal synapses, future experiments could 

examine the amounts of PSD95 mRNA in the dendrites of CA1 compared to 

soma in brain tissue. This could be done via high-resolution fluorescence in 

situ hybridization (Swanger et al., 2011, Moffitt et al., 2016, Cajigas et al., 

2012). The larger the fraction of local mRNA supplies, the less of an issue 

long-distance trafficking would pose as larger fraction of PSD95 protein could 

be synthesized locally. Antibodies against subunits of the ribosome and 

proteasome could be used in these same brain sections to assess relative 

presence of protein synthesis and degradation machinery in distal and 

proximal dendrites.  

4.4.2.4 Dendritic spine dynamics 
In our study, PSD95-HaloTag protein was found to turn over in stable synapses 

as evidenced by most synapses containing both “new” and “old” protein at day 

3 post-injection of SiR-Halo. The result is not surprising given that PSD95 

preferentially resides in more stable spines (Cane et al., 2014). Stable spines 

can last for weeks, months or even a lifetime (Zuo et al., 2005, Holtmaat et al., 

2005, Yang et al., 2009), therefore their turnover is unlikely to affect the lifetime 
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of protein that we observe. The measurements of long-lived spines, however, 

have mainly been performed in the cortical regions due to their easier access 

via a cranial window. Spines in the hippocampal CA1 have been shown to turn 

over much faster, with 100% of spines being replaced every 1-2 months 

(Attardo et al., 2015, Pfeiffer et al., 2018). Our estimated half-life for PSD95-

HaloTag puncta in CA1 is 5.5 days and by day 33 post-injection (6th half-life) 

we would expect to see only around 1.56% PSD95-HaloTag puncta remaining. 

The puncta half-life measurement in CA1 matches the estimated lifetime for 

dendritic spines in the region which may suggest that some of the PSD95 

puncta decay may be accounted for by the decay of the dendritic spines. A 

couple of technical issues, however, may be affecting these results: (a) cranial 

window implantation can cause an artificial increase in spine turnover and (b) 

CA1 is the last brain area to get saturated by the injection of HaloTag ligands. 

Cranial window implantation and, even more so, the implantation of a 

microendoscope to reach the hippocampal formation are both highly invasive 

procedures that can cause tissue irritation and damage and have been 

previously been shown to cause the change in dendritic spine dynamics (Xu 

et al., 2007). In addition, HaloTag labelling of CA1 was not saturating in a 

fraction of brains examined, which might have led us to underestimate the 

lifetime of PSD95-HaloTag puncta. Further careful studies of spine and protein 

lifetime in the CA1 may be needed to confirm current observations. 

Dendritic spine dynamics has not yet been explored in a vast majority of brain 

regions and subregions, and, at this point, we cannot be sure to what extent 

the lifetime of PSD95 in subcortical brain areas is affected by the turnover of 

dendritic spines. Future studies examining dendritic spine dynamics in these 

areas would be needed to assess their impact on protein lifetime.                 

4.4.2.5 Synapse morphology 
Brain regions containing larger PSD95 puncta were found to have longer 

lifetimes, a result that is consistent with large synapses being more stable 

(Yang et al., 2009). More detailed analysis into the synapse subtypes revealed 

subtypes 2 and 34 to be extremely long-lived. These subtypes are defined 
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primarily by their large size (Zhu et al., 2018) further supporting the hypothesis 

that large synapses have long protein lifetimes. We did find examples, 

however, opposing this relationship between puncta size and lifetime. Large 

excrescence synapses in the CA3 had shorter PSD95 lifetimes compared to 

small synapses in the CA1. This, however, may be an exception and may be 

due to cell-subtype specific regulation of protein lifetime. 

4.4.2.6 Synapse molecular composition 
LPL synapses were identified for both type 1 (PSD95-only) and type 3 (PSD95 

+ SAP102) puncta suggesting that the molecular composition of synapses may 

not play a major role in determining the lifetime of synaptic proteins. In 

synapses, PSD95 and SAP102 assemble into physically distinct complexes 

(Frank et al., 2016), therefore, the presence of their respective complexes in 

same synapses may not influence the lifetime of either of the proteins. In 

contrast, proteins belonging to the same molecular complexes tend to have 

coordinated lifetimes (Price et al., 2010, Mathieson et al., 2018, Martin-Perez 

and Villén, 2017). PSD95 forms large ~1.5 MDa multi-protein complexes with 

PSD93 and NMDA receptor subunit GluN2B (Frank et al., 2016). To test 

whether the ability to form these complexes affects PSD95 lifetime, mice 

lacking PSD93 protein or GluN2B subunit could be crossed with PSD95-

HaloTag mice and the lifetime of PSD95 examined. PSD95 lifetime in PSD93-

KO animals was investigated in a separate study, and the results are 

presented in Chapter 6.  

4.4.3 Implications for memory storage 
Stability of synaptic connections between neurons is thought to play an 

important role in long-term memory storage in the brain (Poo et al., 2016, 

Mongillo et al., 2017). Stable dendritic spines can last for months or even a 

lifetime (Zuo et al., 2005, Holtmaat et al., 2005, Yang et al., 2009) and learning-

associated stabilisation of newly formed dendritic spines has been found to 

correlate with behavioural performance (Holtmaat et al., 2006, Holtmaat and 

Svoboda, 2009, Xu et al., 2009, Yang et al., 2009). Majority of studies so far, 

however, have examined the structural stability and lifetime of the spines but 
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the lifetime of the synaptic proteins within them would provide important 

insights into the functional stability of molecular complexes that process 

neuronal signals.  

We find that synapses with longest protein lifetimes are located in isocortex 

and HPF, areas important for learning and memory storage in the brain (Marr 

and Brindley, 1971, Willshaw and Buckingham, 1990, Squire and Bayley, 

2007). Importantly, regions of isocortex showed longer protein lifetimes and 

thus more stability of synapses than those of HPF. The findings are consistent 

with the idea that short-term memory storage in hippocampus is with time 

transferred to long-term storage facilities in the isocortex (Marr and Brindley, 

1971, Bontempi et al., 1999, Frankland and Bontempi, 2005, Squire and 

Bayley, 2007, Kitamura et al., 2009).  

At the level of individual synapses, brain regions were found to be populated 

by different proportions of LPL and SPL synapses, parallel to the populations 

of ‘persistent’ and ‘transient’ dendritic spines found in different areas of the 

brain (Trachtenberg et al., 2002, Holtmaat et al., 2005, Attardo et al., 2015, 

Pfeiffer et al., 2018). Due to longer protein lifetime, LPL synapses could store 

molecular memory for longer time periods compared to SPL synapses and 

thus would be more optimised to ensure ‘persistence’ of memory (Richards 

and Frankland, 2017). Regional differences in LPL and SPL synapse numbers 

could point to how specific brain areas balance ‘persistence’ and ‘transience’ 

of memory as described in Richards and Frankland (2017) which contribute to 

precise recording of information and flexibility of behaviour, respectively. We 

find that the LPL synapses are preferentially located in the isocortex while 

thalamus, pallidum, pons and medulla, subcortical regions important for 

relaying information and supporting innate behaviours, are composed primarily 

of SPL synapses. Additionally, larger percentage of LPL synapses is found in 

the isocortex compared to the HPF which would suggest that HPF is a transient 

location of information storage. Indeed, more rapid forgetting has been 

observed of episodic memories (HPF-dependent) compared to slower 



 119 

forgetting of semantic memories that are isocortex-dependent (Ritchey et al., 

2015).  

 

LPL synapses were found to be large in size. Since large spines contain on 

average more PSD95 (Cane et al., 2014), LPL synapses would likely be 

located in large dendritic spines. As mentioned above, positive correlation 

between spine size and its lifetime is well described in the literature (Holtmaat 

et al., 2005, Zito et al., 2009, Loewenstein et al., 2015). Since learning and 

memory have been associated with stable dendritic spines, there is an 

intriguing possibility that LPL synapses are ‘memory’ synapses. Close 

observation and/or manipulation of LPL synapses during learning and memory 

tasks would help establish this functional link.
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Chapter 5 PSD95 lifetime changes across the 

lifespan 
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5.1 Introduction 
Tight control of protein synthesis and turnover is important for healthy brain 

functioning throughout the lifespan. Imbalance in protein homeostasis can 

cause disease and issues in learning and memory (Cajigas et al., 2010, Park 

and Kaang, 2019). During development, mutations in components of protein 

synthesis machinery lead to neurodevelopmental diseases, including autism 

spectrum disorders and intellectual disability (Louros and Osterweil, 2016). In 

ageing, dysfunctional proteostasis can cause accumulations of misfolded 

protein aggregates associated with neurodegenerative diseases, such as 

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease (Hipp et 

al., 2019, Jayaraj et al., 2020). Cognitive capacities, including the ability to 

learn and remember, are largely affected in neurodevelopmental and 

neurodegenerative diseases and are known to change with age in healthy 

subjects (Thapar et al., 2017, Hou et al., 2019, Tucker-Drob, 2009).  

Changes in protein synthesis and turnover with age have previously been 

documented in nematodes (Liang et al., 2014, Dhondt et al., 2017), mice 

(Kruse et al., 2016, Walther and Mann, 2011, Dai et al., 2014) and rats (Dwyer 

et al., 1980, Fando et al., 1980, Ekstrom et al., 1980) with varied observations. 

No studies to date, however, have carefully looked into synaptic protein 

lifetimes at different stages of life or how the lifetime differs between brain 

regions in developing, mature and old brain. To understand how synaptic 

protein homeostasis and lifetime changes with age across the mouse brain, 

we mapped the lifetime of PSD95 in developing (3-week-old, 3W), adult (3-

month-old, 3M) and ageing (18-month-old, 18M) mice.  

In Chapter 5 I aimed to: 

(1) Visualize synaptic PSD95 lifetime over 7 days in 3-week-old (3W), 3-

month-old (3M) and 18-month-old (18M) mice, corresponding to 

childhood, adulthood and old age in mice (Chapter 5.3.1).  

(2) Estimate the half-life of PSD95 in 110 brain subregions at different 

stages of life (Chapter 5.3.2).  
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(3) Investigate the changes in protein turnover during development, from 

3W to 3M, and ageing, from 3M to 18M (Chapter 5.3.3). 

(4) Assess the similarity of PSD95 lifetimes between 110 brain subregions 

within age groups (Chapter 5.3.4).  

(5) Investigate PSD95 protein lifetime across the dendritic arbour in 3W, 

3M and 18M mice (Chapter 5.3.5). 

(6) Identify changes in LPL synapse numbers at different stages of life 

(Chapter 5.3.6). 

 

5.2 Summary of methods used in this Chapter 

 

Figure 5.1: A summary of the experimental workflow for Chapter 5. 

 

For results presented in Chapter 5, 3-week-old (3W), 3-month-old (3M) and 

18-month-old (18M) PSD95HaloTag/HaloTag mice were used (Figure 5.1; see 

Chapter 2.2 for more details). The mice received a bolus injection 1.5 mM SiR-

Halo solution (injection volume adjusted by average weight of the age group) 

and were perfused at 6 hours (referred to as day 0) or 7 days 6 hours (referred 

to as day 7) post-injection (Figure 5.2, see Chapter 2.6). The n number of 

mice used for each age group and time point were as follows (m, male; f, 

female): 3W animals, day 0 n = 8 (5m, 3f), day 7 n = 8 (6m, 2f); 3M animals, 

day 0 n = 9 (5m, 4f), day 7 n = 7 (2m, 5f); 18M animals, day 0 n = 10 (7m, 3f), 

day 7 n = 9 (8m, 1f). Single-synapse resolution images were obtained using 

spinning disc confocal microscope (Chapter 2.8). The imaging parameters 

used for the SiR-Halo image acquisition were the following: 640 nm laser line, 

12% laser power, 95 ms exposure time and QUAD (700/45) emission filter. 
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SiR-Halo puncta were detected and quantified as described in Chapter 2.9. 

Since the study only contained two time points post-injection, one reference 

and one the measurement of decay, exponential decay function could not be 

fitted and, instead, fraction of PSD95 puncta or fluorescence intensity at day 7 

compared to day 0 was calculated for all regions and subregions within an age 

group (Chapter 2.10.2). The fraction values were then converted into a half-

life measure for easier interpretation. Cohen’s D values and similarity matrices 

presented in Chapter 5.3.3 - 5.3.4 were calculated as per Chapter 2.10.4 and 

Chapter 2.10.5, respectively. 

 

Figure 5.2: The time points and number of animals used in the study. 

 

5.3 Results 
5.3.1 Qualitative analysis of PSD95 lifetime across lifespan 

We examined the lifetime of PSD95 in development and ageing by injecting 

3W, 3M and 18M mice, ages corresponding to mouse childhood, adulthood 

and old age, respectively. Example sagittal brain section images from 3W, 3M 

and 18M animals display how SiR-Halo signal decays over a 7-day period at 

different ages (Figure 5.3). At day 0 (upper panel), PSD95-HaloTag labelling 

is comparable between ages, with highest fluorescence intensity found in 

isocortex, hippocampal formation and striatum and the lowest found in 

hindbrain, thalamic, olfactory and midbrain structures. At day 7 (lower panel), 

we observe a markedly reduced fluorescence across the brain at all ages, with 

fluorescence in olfactory areas, thalamus, cerebellum and hindbrain dropping 

to (or nearly to) the level of background noise. Superficial layers of the cortex 

and hippocampal CA1 stand out at day 7 as regions with the highest remaining 

SiR-Halo labelling. Interestingly, PSD95-Halo fluorescence appears to overall 
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decay faster in young animals (3W) compared to adult (3M) and ageing (18M) 

mice. 

 

Figure 5.3: The decay of SiR-Halo fluorescence labelling in 3W, 3M and 18M animals 
over 7 days. Representative whole brain images of day 0 and day 7 SiR-Halo labelling. Scale 
bar: 1 mm. 

 

5.3.2 PSD95 half-life estimates for different stages of life 
To quantify the changes in PSD95 lifetime across the lifespan, mean fraction 

of puncta or fluorescence intensity at day 7 compared to day 0 was calculated 

followed by a conversion of fraction values to half-life estimates. 

5.3.2.1 Puncta density-based decay 
The summary of the lifetimes of PSD95-positive puncta in 3W, 3M and 18M 

age groups is presented in Figure 5.4 (for raw numbers, see Appendix 11).  

Brain maps reveal that PSD95 puncta lifetime increases with age in majority 

of brain regions. In young brain (3W), most of the brain regions showed a half-

life in the range of 0 to 3 days and only superficial layers of the isocortex (layers 

1, 2/3 and 4) together with hippocampal subiculum (SUB) and CA1 stratum 

lacunosum-moleculare (CA1slm) had half-lives above 3 days. The longest 

half-life in 3W group was detected in layer 1 of the posterior parietal 

association area (PTLp1, T1/2 = 6.1 days) and the shortest was found in the 

glomerular layer of the main olfactory bulb (MOBgl, T1/2 < 0.5 days) and 

granule cell layer of the dentate gyrus (DG-sg, T1/2 < 0.5 days). In the adult 

mouse (3M) brain, darker red colours represent higher half-life values 

compared to those observed in 3W map. The longest half-life detected in 3M 
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group was found in layer 1 of the somatomotor cortex (MO1, T1/2 = 17.3 days) 

and the shortest in glomerular layer of the main olfactory bulb (MOBgl, T1/2 = 

1.0 days). PSD95 lifetime values showed an additional increase with ageing. 

At 18M, the half-life was found to range from 1.3 days in the hippocampal CA2 

stratum lacunosum-moleculare (CA2slm) to 18 days in layer 1 of the frontal 

pole (FRP1).   
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Figure 5.4: Density-based PSD95 lifetime across the lifespan. Maps of PSD95-positive 
puncta half-lives (in days) for 110 brain subregions in 3W, 3M and 18M PSD95-HaloTag mice. 
N = 7-10 animals / group. 
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5.3.2.2 Puncta intensity-based decay 
Synaptic PSD95 protein lifetimes, estimated for 3W, 3M and 18M age groups, 

are summarised in Figure 5.5 (for raw numbers, see Appendix 11). The range 

of half-lives observed in intensity-based decay is 3-fold smaller than that 

observed in density-based decay. In young mice (3W), PSD95 lifetime ranged 

from 0.8 days in ventral posteromedial nucleus of the thalamus (VPM) to 3.1 

days in layer 1 of somatomotor areas (MO1). 3M animals showed the shortest 

half-life of 1 day in outer plexiform layer of the main olfactory bulb (MOBopl) 

and the longest half-life of 6.5 days in layer 1 of the frontal pole (FRP1). In old 

age (18M), the half-lives ranged from 1.3 days in CA2 stratum lacunosum-

moleculare (CA2slm) to 6.2 days in layer 1 of the posterior parietal association 

areas (PTLp1). Similar to density-based estimates, intensity-based half-lives 

show an increase with age across most brain subregions. Importantly, 

superficial layers of the cortex show the longest PSD95 lifetimes across all age 

groups and the shortest lifetimes are shared between subregions of olfactory 

bulb, thalamus and hippocampal CA2 which suggests a conserved spatial 

organisation to protein turnover that is maintained throughout the lifespan. 
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Figure 5.5: Intensity-based PSD95 lifetime across the lifespan. Maps of synaptic PSD95 
protein half-lives (in days) for 110 brain subregions in 3W, 3M and 18M PSD95-HaloTag mice. 
N = 7-10 animals / group. 
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5.3.3 Regional effects on PSD95 lifetime throughout lifespan 
To quantify changes in PSD95 lifetime between stages of life, percentage 

increase in density-based half-life was calculated for changes happening in all 

brain subregions from childhood to adulthood (3W – 3M) and from adulthood 

to old age (3M – 18M) (Figure 5.6A). During development (3W-3M), most 

pronounced increases in PSD95 half-life were seen in cortical brain subregions 

(largest increase of 211.6% detected in FRP2-3) and cerebellum granular layer 

(largest increase of 230.4% found in SIMgr). In contrast, during ageing, the 

largest increases in half-life were seen in the molecular layer of cerebellum 

(148.5% in COPYmo) and only very minor changes were seen in the cortical 

brain regions. 

We assessed the effect size of the changes observed in PSD95 half-life 

estimates by calculating Cohen’s D values for 3W-3M, 3M-18M and 3W-18M 

age group comparisons (Figure 5.6B). Cohen’s D effect size >1 is considered 

large (see horizontal dashed line). A number of brain subregions showed large 

effect sizes in 3W-3M comparison, with most notable examples being 

subregions of the isocortex, olfactory bulb, striatum and granular layers of the 

cerebellum. In the transition from 3M to 18M, fewer subregions showed large 

Cohen’s D values and the largest effect was seen in the olfactory areas and 

cerebellum. Finally, when comparing the 3W and 18M age groups, large effect 

sizes were seen across all 110 subregions examined with cerebellum being 

the most affected.  
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Figure 5.6: Increase in PSD95 lifetime across the lifespan. (A) Percentage increase in 
regional PSD95 half-life values between 3W and 3M (on the left) and 3M and 18M (on the 
right) age groups. (B) Effect size (Cohen’s D) estimates for 3W-3M, 3M-18M and 3W-18M age 
group comparisons. Dashed line marks the Cohen’s D = 1. N = 7-10 animals / group. 

 

5.3.4 Similarity of PSD95 half-lives 
To reveal how changes in PSD95 half-lives throughout the lifespan may 

contribute to half-life differences between brain regions, we plotted similarity 

matrices for each of age groups (Figure 5.7). The similarity scores presented 

were calculated by applying a Gaussian kernel function to differences in 

density based PSD95 half-life between pairs of subregions. At 3W, an 

abundance of red and yellow colours represents a high similarity of PSD95 

half-lives between brain subregions which is largely diminished in 3M and 18M 
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groups suggesting that from childhood to adulthood brain subregions acquire 

specific protein lifetime signatures that are maintained throughout mature and 

old age.  

 

Figure 5.7: Similarity of half-lives across the brain at different ages. A heatmap of half-
life similarity values between pairs of subregions (rows and columns) in 3W, 3M and 18M age 
groups. 

 

5.3.5 PSD95 lifetime gradients in hippocampal CA1 
We investigated how PSD95 lifetime differs with distance from the soma in 

apical and basal dendrites of the CA1 and how that changes throughout the 

lifespan. CA1 dendritic layers in sagittal brain images from day 0 and day 7 

mice of 3W, 3M and 18M were subdivided into small segments of equal 

thickness in a radial direction. SiR-Halo-positive puncta were detected and 

quantified for each of the delineated areas and mean fraction of SiR-Halo 

positive puncta at day 7 compared to day 0 (+/- SD) was calculated for each 

area and age group (Figure 5.8 and Appendix 5). At 3W, PSD95 lifetimes 

were similar across all segments of CA1 dendritic layers. In 3M group, a 

gradient of lifetimes was observed across the apical and basal dendrites. 

PSD95 lifetime in stratum radiatum showed an increase with distance from the 

soma before dropping at the border with stratum lacunosum and again 

increasing until the end of stratum moleculare. In stratum oriens, an initial rise 

in PSD95 lifetime was observed with increasing distance from the soma which 

then reverted in most distal parts. Interestingly, 3M group showed 4-5-fold 
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higher lifetimes of PSD95 compared to those seen in 3W age group. At 18M, 

the gradient of PSD95 lifetimes was similar to that of 3M group with slightly 

higher lifetime values. 

 

Figure 5.8: PSD95 lifetime gradients across the dendritic tree of CA1 pyramidal cells. 
Mean fraction of puncta remaining at day 7 compared to day 0 (+/- SD) in 3W (purple), 3M 
(yellow) and 18M (maroon) mice. The line plot cover the length of the CA1 dendritic tree, 
including the apical and basal dendrites. N = 3 for each group. 

 

5.3.6 LPL synapses accumulate with age 
After having discovered in Chapter 4 that some synapse subtypes are 

associated with long protein lifetime (LPL) and others with short protein 

lifetime, we asked how LPL synapse numbers change with age. The PSD95-

eGFP and SAP102-mKO2 data used for this analysis was obtained from 

Cizeron et al. (2020), where synapse subtypes were determined across the 

sagittal brain sections in 3W, 3M and 18M mice. Differences in subtype 

densities between developing and adult brain (Figure 5.9A) and between adult 

to ageing brain (Figure 5.9B) were calculated as Cohen’s D effect size values 

and plotted in a heatmap with subtypes sorted according to their estimated 

lifetime. Bayesian analysis was carried out to determine statistically significant 

differences in subtype densities between ages. Between 3W and 3M, relatively 

few statistically significant differences are seen, however the majority are 

detected for subtype 2 (Type 1, PSD95-only synapse), the subtype with the 
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longest protein lifetime. Interestingly, subtype 34 (Type 3, PSD95+SAP102 

synapse), another of the LPL subtypes, does not show differences in this age 

comparison. The selective effect on Type 1 synapses and not Type 3 synapses 

would suggest that synapses of different molecular compositions undergo 

different developmental trajectories. Between 3M and 18M, a number of 

changes in subtype densities are observed for LPL and SPL synapses. 

Strikingly, multiple LPL subtypes show increase in density with age. Regions 

of isocortex showed a preferential accumulation of subtype 2 while other brain 

areas also saw increases in LPL subtypes 34, 3 and 5. 

 

Figure 5.9: Changes (Cohen’s D effect size) in LPL and SPL subtype densities in brain 
subregions with age. Synapse subtypes sorted according to their associated PSD95 lifetime. 
(A) Comparison of 3W and 3M age groups. (B) Changes in subtype densities between 3M 
and 18M. Asterisks indicate significant differences (P<0.05, Benjamini-Hochberg correction). 

 

5.4 Discussion 
In Chapter 5, PSD95 lifetime was visualised and quantified in developing, adult 

and ageing mouse brain. Protein lifetimes increased with age, with largest 

increases during development detected in isocortex and granular layer of the 
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cerebellum and biggest changes in ageing brain seen in the molecular layer of 

the cerebellum. PSD95 half-lives displayed high similarity between brain 

subregions in 3W mice but the similarity was substantially reduced in 3M and 

18M animals. At the level of dendritic arbour, in 3W only nascent gradients in 

PSD95 lifetime were observed. In 3M and 18M groups, CA1 gradients became 

more pronounced suggesting specialisation of different parts of dendritic tree 

with development. Changes in protein lifetime with age were accompanied with 

increases in LPL synapse densities across many brain regions and 

subregions. 

5.4.1 Results in context of previous literature 
For the first time, the lifetime of a synaptic protein has been mapped and 

compared across multiple brain regions in development, adulthood and 

ageing. A global increase in PSD95 lifetime was observed throughout the 

lifespan which could be caused by an age-dependent decrease in protein 

synthesis or a slowdown in protein degradation. During development, 

decreases in protein synthesis have previously been observed in rat forebrain 

and cerebellum (Fando et al., 1980), the same brain areas that we found most 

affected in 3W-3M comparison. Slowing of protein synthesis from childhood to 

adulthood was also found in heart, lung and skeletal muscle tissues in rats 

(Mays et al., 1991). During ageing, some studies have detected decreases in 

protein synthesis (Dwyer et al., 1980, Ekstrom et al., 1980, Ingvar et al., 1985, 

Liang et al., 2014) and turnover (Dhondt et al., 2017) while others saw no 

change (Mays et al., 1991, Dai et al., 2014) or protein-specific changes in 

synthesis (Kruse et al., 2016, Walther and Mann, 2011). The changes we 

observed in 3M-18M comparison were less pronounced than those observed 

in development but most notable increase in lifetime was observed in the 

molecular layer of the cerebellum. Dwyer et al. (1980) also detected slowing 

down in protein synthesis in cerebellum with ageing supporting our findings. 

None of the previous studies, however, looked specifically into the lifetime of 

PSD95 or any other synaptic protein, therefore, more detailed analyses into 

age-dependent changes in the lifetime of other post- or pre-synaptic protein 
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would be needed to further strengthen the evidence for region-dependent and 

age-dependent increase in synaptic protein lifetimes. 

5.4.2 Structural changes in synapses with age 
To better understand the implications of and factors contributing to increasing 

PSD95 lifetime across the lifespan, we need to take into consideration the 

dynamic structural changes happening in synapses with age. Fraction of stable 

dendritic spines is known to increase from developing to mature brain 

(Holtmaat et al., 2005, Zuo et al., 2005) in mouse isocortex, consistent with our 

finding of the increasing stability of protein within dendritic spines. Interestingly, 

with ageing Mostany et al. (2013) and Grillo et al. (2013) find a decrease in 

dendritic spine and axonal bouton stability in the cortex of >20-month-old mice. 

While we observe little change in protein lifetime in the isocortex of 18M 

animals, increasing spine dynamics at this age could start contributing to the 

turnover of PSD95 puncta that we observe. Spine dynamics in developing and 

ageing brain has not been assessed in detail in brain regions other than 

isocortex and a possibility remains that dendritic spine stability is differentially 

affected with age across the brain. Further studies monitoring dendritic spine 

dynamics in more easily accessible brain regions such as olfactory areas or 

cerebellum would be needed to better understand how stability of structural 

and molecular components of synapses changes with age. 

5.4.3 Developmental changes in isocortex 
PSD95 lifetime was found to increase more than 200% from developing (3W) 

to mature brain (3M) in regions of mouse isocortex. Drastic changes in synaptic 

protein lifetime are not surprising given the well-documented cortical synapse 

remodelling in the developing brain (Mallya et al., 2019, Farhy-Tselnicker and 

Allen, 2018, Sakai, 2020, Paolicelli et al., 2011). Critical periods of plasticity, 

first described by Hubel and Wiesel (1970), occur in the first month of life in 

mice and may have molecular mechanisms involved in enhancing rates of 

synaptic protein turnover at this age. To assess the role of developmental 

critical periods in governing PSD95 lifetime, PSD95-HaloTag mice could be 

subjected to dark rearing (Mower, 1991, Daw, 1998, Timney et al., 1978) or 
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monocular deprivation (Zhou et al., 2017, Espinosa and Stryker, 2012, Wiesel 

and Hubel, 1963), both well-described paradigms for examining effects of 

critical periods of plasticity on brain structure and function, at birth for several 

weeks. PSD95 lifetime could be assessed in the visual cortex of these mice 

and compared to the controls. If critical period of plasticity and associated 

sensory experiences play a role in governing synaptic protein lifetime, visually 

deprived mice would likely show changes (possibly an increase) in PSD95 

protein lifetime in visual areas of the brain. 

5.4.4 Age-dependent changes in cerebellum 
Most noticeable changes in PSD95 lifetime throughout the lifespan were 

observed in the cerebellum. During development, PSD95 lifetime preferentially 

increased in the granular layer of the cerebellum while with ageing, largest 

changes in lifetime were observed in the molecular layer. Layer-specific effects 

with age may be explained by cell-type-specific developmental program and 

vulnerability to ageing in the cerebellum. Granular layer contains dendrites of 

highly abundant granule cells (Consalez et al., 2021). Molecular layer, in 

contrast, contains dendrites of Purkinje cells. Granule cells develop a lot later 

than Purkinje cells in the postnatal brain and are still proliferating and fine-

tuning their connections at ~P14-21 (van Essen et al., 2020, Dhar et al., 2018, 

Sillitoe and Joyner, 2007), close to the time of PSD95 lifetime assessment for 

3W age group. Late postnatal development of granule cells could have 

associated molecular programs regulating protein lifetime in 3W group, and 

the silencing of developmental programs in adulthood could lead to the 

substantial increases in lifetime observed.  

Purkinje cells appear to be particularly vulnerable to ageing (Zhang et al., 

2010). Thinning of cerebellar molecular layer (Huang et al., 1999, Dlugos and 

Pentney, 1994), loss of dendrites (Zhang et al., 2006) and regression of distal 

dendrites of Purkinje cells (Quackenbush et al., 1990) have all been observed 

in ageing cerebellum. Cerebellar Purkinje cells have shown earlier senescence 

when compared to hippocampal pyramidal neurons which did not change in 

numbers in 18-month or 24-month-old mice (Woodruff-Pak et al., 2010). While 
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our measurements of lifetime are independent of the starting density of 

synapses and would not be much affected by age-related loss of synapses, 

underlying metabolic or other intracellular processes may be playing a role in 

prolonging PSD95 lifetime in the ageing Purkinje cells. From a morphological 

perspective, Purkinje cells are some of the largest neurons in the brain with 

intricate dendritic networks and maintaining the health of the dendritic arbours 

must be a metabolically expensive and complicated task (Lackey et al., 2018). 

The efficiency of proteostasis is known to decrease with age and thus large 

cells with extensive dendritic structures would likely be first to get affected 

(Hipp et al., 2019). Future studies examining the morphology and molecular 

composition of cerebellar synapses at different ages would be needed to 

establish clearer picture of factors governing synaptic PSD95 lifetime in 

cerebellum at different stages of life. 

5.4.5 Similarity of regional half-lives 
We found PSD95 lifetimes to be similar between brain regions at 3W and 

become less similar at 3M and 18M. Our result in 3W and 3M groups aligns 

well with the findings presented in Cizeron et al. (2020). In this study, synapse 

compositions with age showed a differentiation between brain regions and thus 

a decreasing similarity from 3W to 3M. Less similar PSD95 lifetimes therefore 

correspond to less similar synapses in adult brain. 18M group in Cizeron et al. 

(2020) showed higher similarity compared to 3M group while in current study, 

18M group had similar or slightly lower similarity of PSD95 lifetimes. The 

contrasting results may be due to a number of reasons and firstly, a replication 

of the two studies would be needed to increase the confidence of the findings 

presented in both.  

5.4.6  CA1 gradients in PSD95 lifetime 
PSD95 lifetime formed a gradient in CA1 dendrites in 3M and 18M groups 

while only a nascent gradient was observed in 3W animals. Gradients detected 

in mature and ageing animals were similar to those observed for PSD95-eGFP 

puncta intensity in Cizeron et al. (2020). PSD95 puncta intensity (Zhu et al., 

2018), AMPA receptor numbers (Andrasfalvy and Magee, 2001, Menon et al., 
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2013, Nicholson et al., 2006), glutamate release probability (Andersen et al., 

1980, Jensen et al., 2021) and dendritic EPSP amplitudes (Magee and Cook, 

2000) have previously been shown to increase with distance from the soma. 

Such distance-dependent gradients are thought to be important for 

overcoming dampening of currents that would otherwise occur due to cable 

properties of dendritic trees (Andersen et al., 1980). AMPA receptors are 

anchored to the post-synaptic membrane by PSD95 (Ehrlich and Malinow, 

2004, Bats et al., 2007, Chen et al., 2015) therefore higher levels and stability 

of PSD95 would be required to accommodate for larger numbers of distally 

located AMPA receptors. Interestingly, in 3W group hippocampal gradient is 

not yet formed suggesting that the physiological properties of distal synapses 

in developing brain may not yet be adjusted to compensate for the larger 

distances that the current needs to travel. To confirm this hypothesis, AMPA 

receptor expression should be checked at different parts of CA1 dendrites in 

the developing brain and correlated with protein lifetime results. Additional 

investigation into release probability and dendritic EPSP amplitudes in 3W 

brains would provide additional evidence for immature dendritic gradients in 

the developing brain. 

5.4.7 Implications for memory storage 
Age-related increase in PSD95 lifetime was found to be accompanied by the 

increasing numbers of LPL synapses across the brain. At 3W, brain regions 

are predominantly populated by SPL synapses therefore limiting the long-term 

information storage capacity of the developing brain. Indeed, infantile amnesia 

is a well-described phenomenon which manifests in the inability to consolidate 

or retrieve memories in infants (Alberini and Travaglia, 2017, Donato et al., 

2021). With development, capacity to learn and gain new skills increases 

drastically (Tucker-Drob, 2009), aligning with the increasing numbers of LPL 

synapses in mature brain. Ageing, on the other hand, has been associated 

with deteriorating working memory and executive functioning which rely on 

quick processing and transforming of incoming information (Murman, 2015). 

Cumulative knowledge and well-developed skills, that are often referred to as 

crystallized intelligence, are maintained well into the old age (Harada et al., 
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2013, Murman, 2015). In our study, with ageing we observe a preferential 

retention of LPL synapses which are less flexible but better suited for long-

term memory storage. While these are only rough parallels between the 

psychology and the biology of ageing, further studies exploring LPL and SPL 

synapse role in different types of learning and memory would be useful in 

establishing any causal links.
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Chapter 6 PSD95 lifetime changes in disease 
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6.1 Introduction 
A mutation-induced change in protein interaction landscape and molecular 

complex assembly may affect the stability and turnover of participating 

proteins. PSD95 has at least 118 core interacting proteins and mutations in 

many of them occur in diseases, including schizophrenia, intellectual disability 

(ID), autism spectrum disorders (ASD), bipolar disorder and others (Fernández 

et al., 2009). We chose to study synaptic PSD95 lifetime in mutants of two 

disease-associated PSD95-interacting proteins, PSD93 and SynGAP. 

PSD93 (post-synaptic density protein 93) is a PSD scaffolding protein and a 

paralog to PSD95. Together with PSD95 and NMDAR subunit NR2B, PSD93 

is required for the formation of ~1.5 MDa multiprotein signalling complexes in 

the PSD (Frank et al., 2016). Lack of PSD93 results in deficient synaptic LTP 

in hippocampus and, interestingly, shows an opposite phenotype to PSD95 

mutants which show enhanced LTP (Migaud et al., 1998, Carlisle et al., 2008). 

Mutations in PSD93 have previously been implicated in schizophrenia (Walsh 

et al., 2008, Kirov et al., 2012, Fromer et al., 2014, Ingason et al., 2015) and, 

more recently, in ASD and ID (Reggiani et al., 2017, Ruzzo et al., 2019). 

SynGAP (synaptic Ras GTPase-activating protein) is one of the most 

abundant proteins at the PSD (Cheng et al., 2006) and is best known for its 

role in stimulating GTPase activity of Ras and Rap molecules in synapses (Kim 

et al., 1998, Chen et al., 1998, Krapivinsky et al., 2004). Ras and Rap are 

thought to facilitate NMDAR-dependent addition or removal of AMPARs from 

the synapse during synaptic plasticity (Zhu et al., 2002). SynGAP can bind all 

three PDZ domains of PSD95 and studies suggest that by occupying PDZ 

domains of PSD95, SynGAP regulates the composition of molecular 

complexes in the PSD (Kim et al., 1998, Walkup et al., 2016). 

Haploinsufficiency in SynGAP has been linked to premature maturation of 

structure and function of excitatory neurons early in development (Clement et 

al., 2012, Aceti et al., 2015, Vazquez et al., 2004). Komiyama et al. (2002) 

presented the first evidence that SynGAP was involved in synaptic plasticity 
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and cognitive function in mice. Since then, mutations in SynGAP have been 

well recognised in ASD and ID (Weldon et al., 2018, Hamdan et al., 2009). 

 In Chapter 6 I aimed to: 

(1) Map the half-lives of PSD95 in mice lacking PSD93 protein (Chapter 

6.3.1). 

(2) Investigate the differences in protein lifetime in heterozygous and 

homozygous PSD93 mutants compared to healthy controls (Chapter 

6.3.2).  

(3) Map the half-lives of PSD95 in mice lacking SynGAP protein (Chapter 

6.3.3).  

(4) Identify the differences in protein lifetime in heterozygous SynGAP 

mutants compared to healthy controls (Chapter 6.3.4).  

 

6.2 Summary of methods used in this Chapter 

 

Figure 6.1: A summary of experimental workflow for Chapter 6. 

 

For results presented in Chapter 6, 3-4 months old mice were used of 

genotypes presented in Figure 6.1 (see Chapter 2.2 for more details). The 

mice received a bolus injection 1.5 mM SiR-Halo solution and were perfused 

at 6 hours (referred to as day 0) or 7 days 6 hours (referred to as day 7) post-

injection (Figure 6.2A, see Chapter 2.6). The number of mice used for each 

genotype and time point is summarized in Figure 6.2B. Single-synapse 

resolution images were obtained using spinning disc confocal microscope 

(Chapter 2.8). The imaging parameters used for the SiR-Halo image 
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acquisition were: 15% laser power, 100 ms exposure time for PSD93-KO study 

and 120 ms exposure time for SynGAP-KO study (Chapter 2.8.2). SiR-Halo 

puncta were detected and quantified as described in Chapter 2.9. Since the 

study only contained two time points post-injection, one reference and one the 

measurement of decay, fraction of PSD95 puncta at day 7 compared to day 0 

was calculated for all regions and subregions within a genotype group 

(Chapter 2.10.2). The fraction values were then converted into a half-life 

measure for easier interpretation. Statistical analysis was performed as per 

Chapter 2.10.3.2. Cohen’s D values were calculated as per Chapter 2.10.4. 

 

Figure 6.2: Experimental design used to estimate changes in PSD95 lifetime in disease 
mutants. (A) The time points used in estimating changes in PSD95 lifetime in mutants. (B) 
Number of animals used for each study, time point and genotype. 
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presented in Figure 6.3. Brain maps reveal that PSD95 puncta lifetime is 

longer in PSD93-KO animals compared to controls in multiple brain regions. In 

PSD93+/+ group, majority of brain regions show half-lives in the range of 0 to 5 

days and only some of L1 cortical regions have half-lives >5 days. The longest 

half-life in PSD93+/+ group was detected in layer 1 of motor cortex (MO1, T1/2 

= 6.8 days). In PSD93+/- group, more brain regions showed half-lives >5 days, 

including subregions of cortical layers 1, 2-3, 4 and 5, hippocampal CA1 

stratum radiatum (CA1sr, T1/2 = 6.6 days) and subiculum (SUB, T1/2 = 5.2 

days). The longest half-life was detected in MO1 (T1/2 = 17.5 days) and was 

more than twice that detected for the region in PSD93+/+ group. For PSD93-/- 

group, a further increase in PSD95 lifetime was observed across multiple brain 

regions, mostly affecting cortical areas, hippocampal formation and striatum. 

PSD95 half-life in these animals ranged from 1.3 days in glomerular layer of 

main olfactory bulb to 27.1 days in MO1, a further 10-day increase from the 

half-life for the same region in PSD93+/- group. 
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Figure 6.3: PSD95 lifetime in PSD93 mutant animals. Maps of PSD95-positive puncta half-
lives (in days) for 110 brain subregions in PSD95HaloTag/+/PSD93+/+, PSD95HaloTag/+/PSD93+/- 
and PSD95HaloTag/+/PSD93-/- mice. N = 5-7 animals / group. 
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6.3.2 PSD95 lifetime changes in PSD93-KO mice 
To quantify the magnitude of change in PSD95 lifetime in mutants compared 

to healthy animals, percentage increase in PSD95 puncta half-life was 

calculated for all brain subregions for PSD93+/- - PSD93+/+ and PSD93-/- - 

PSD93+/+ comparisons (Figure 6.4A). In PSD93+/- - PSD93+/+, the increase in 

PSD95 half-life was observed across the brain, with most pronounced 

increases documented in cortical subregions and hippocampal CA1 (largest 

increase of 212.2% detected in FRP2-3). In PSD93-/- - PSD93+/+ comparison, 

increases in half-life were, on average, more pronounced than in PSD93+/- - 

PSD93+/+ comparison and largest increase of 381.7% was found in FRP1. 

Interestingly, only minor differences in half-life between mutant and wild-type 

animals were observed in subregions of the thalamus and cerebellum, 

suggesting a region-specific effect of PSD93 mutation on PSD95 lifetime. 

Cohen’s D effect sizes and results from Bayesian analysis for differences in 

PSD93+/- - PSD93+/+ and PSD93-/- - PSD93+/+ comparisons are presented in 

Figure 6.4B. Positive Cohen’s D values were observed across all brain 

subregions suggesting a longer PSD95 lifetime across the brain in mutants 

compared to healthy controls. A number of brain subregions show statistically 

significant changes (p < 0.05). In PSD93+/- - PSD93+/+ comparison, large effect 

sizes (Cohen’s D > 1) are detected for multiple brain subregions, including 

those of isocortex, olfactory areas, hippocampal formation, cortical subplate, 

striatum, pallidum, hypothalamus and midbrain. Of those, several subregions 

of the isocortex, olfactory areas, hippocampal formation and cortical subplate 

show statistically significant differences as revealed by Bayesian inference. 

Most of the Cohen’s D values for PSD93+/- - PSD93+/+ comparison lie in the 

range of 0.5 to 2.  In contrast, Cohen’s D values for PSD93-/- - PSD93+/+ 

comparison lie mostly in the range of 1.5 to 5.5, confirming larger effect of 

homozygous knockout mutation on PSD95 lifetime. Largest effect sizes are 

documented in deeper layers of the isocortex, subregions of olfactory bulb, 

hippocampal formation and cortical subplate. Majority of brain subregions 

show statistical significance in PSD93-/- - PSD93+/+ comparison. 
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Figure 6.4: Differences in PSD95 lifetime in PSD93 mutants compared to healthy control 
mice. (A) Percentage increase in regional PSD95 half-life values between PSD93+/- and 
PSD93+/+ (on the left) and PSD93-/- and PSD93+/+ (on the right) groups. (B) Effect size 
(Cohen’s D) estimates with +/- 95% confidence intervals for PSD93+/- - PSD93+/+ and PSD93-
/- - PSD93+/+ comparisons. Asterisks indicate significant differences (p < 0.05, Benjamini-
Hochberg correction). N = 5-7 animals / group. 
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SynGAP+/+ and SynGAP+/- groups is presented in Figure 6.5. In SynGAP+/+ 

group, subcortical brain areas, L6 of the isocortex, and subregions of dentate 

gyrus, CA3 and CA2 show half-lives in the range of 0 to 5 days. Longer PSD95 

puncta lifetimes are observed in hippocampal CA1 and subiculum, and cortical 

layers L1 to L5. The shortest lifetime was detected in ventral posteromedial 

nucleus of the thalamus (VPM, T1/2 = 1.1 days) and the longest in layer 1 of 

frontal pole (FRP1, T1/2 = 19.6 days).  

The brain map of SynGAP+/- group shows an overall similar distribution and 

range of half-lives to that observed for SynGAP+/+ group. The only observable 

differences are in subregions of striatum, CA1 and frontal pole, which appear 

to have slightly longer PSD95 puncta lifetimes in mutant animals. The shortest 

half-life in SynGAP+/- group was detected in VPM (T1/2 = 1.1 days) and the 

longest was found in FRP1 (T1/2 = 31.6 days). 
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Figure 6.5: PSD95 lifetime in SynGAP mutant animals. Maps of PSD95-positive puncta 
half-lives (in days) for 110 brain subregions in PSD95HaloTag/+/SynGAP+/+ and 
PSD95HaloTag/+/SynGAP+/- mice. N = 5-7 animals / group. 

 

6.3.4 PSD95 lifetime changes in SynGAP-KO mice 
Percentage increase in PSD95 puncta half-life between SynGAP+/+ and 

SynGAP+/- was calculated for all brain subregions to quantify the magnitude of 

change in PSD95 lifetime in mutants compared to controls (Figure 6.6A). 

PSD95 lifetime was increased in some and slightly decreased in other brain 

subregions in SynGAP+/- compared to SynGAP+/+ groups, however, the 

changes were minor. The largest percent increase in half-life of 60.8% was 

observed in FRP1. The effect size measurements also displayed low Cohen’s 

D values (between -1 and 1) and no statistically significant differences 

following Bayesian analysis (p > 0.05) further supporting the conclusion that 

Half-life (days)

0 5 10 15 20 25 30

Half-life (days)

0 5 10 15 20 25 30

Half-life (days) 

SynGAP+/+ 

SynGAP+/- 



 150 

heterozygous knockout of SynGAP has little effect on PSD95 lifetime in adult 

brain (Figure 6.6B). 

 

Figure 6.6: Differences in PSD95 lifetime in SynGAP mutant animals compared to 
healthy controls. (A) Percentage increase in regional PSD95 half-life values between 
SynGAP+/- and SynGAP+/+. (B) Effect size (Cohen’s D) estimates with +/- 95% confidence 
intervals for SynGAP+/- - SynGAP+/+ comparison. N = 5-7 animals / group. 
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was carried out at the level of brain subregions, we cannot discount the 

possibility that mutation-induced changes occur in individual synapse types 

and subtypes. 

6.4.1 Results in context of previous literature 
Synaptic protein lifetime, to my knowledge, has not been previously assessed 

in human disease-relevant PSD93 or SynGAP mutants. Only protein 

synthesis, one of the factors determining protein lifetime, was investigated in 

primary cortical neurons of SynGAP knock-out mice and rats revealing an 

elevation in rate compared to wild-type animals (Wang et al., 2013). In vitro 

results, however, may not be representative of protein metabolism in vivo as 

the extracellular environment can have profound effects on protein turnover 

(Dörrbaum et al., 2018). Below, I discuss potential mechanisms and 

explanations for the results we obtained in Chapter 6. 

6.4.2 Dramatic increase in PSD95 lifetime in PSD93 mutants 
PSD95 half-life was found to increase up to 210% in heterozygous and 380% 

in homozygous PSD93 mutants, displaying a gene-dosage-dependent effect. 

Most affected were subregions of isocortex and hippocampal CA1, areas that 

show dysfunction in PSD93-associated diseases such as Schizophrenia 

(Bähner and Meyer-Lindenberg, 2017, Heinz et al., 2019) and ID/ASD (Carper 

and Courchesne, 2005, Weston, 2019, Postema et al., 2019). The least 

affected were subregions of thalamus and cerebellum despite PSD93 protein 

being expressed in these brain areas in healthy mice (Roy et al., 2018, Fukaya 

and Watanabe, 2000). Thalamus and cerebellum, however, express low levels 

of PSD95 protein which may minimize the effect of the mutation that we can 

observe (Zhu et al., 2018, Cizeron et al., 2020, Roy et al., 2018). Interestingly, 

McGee et al. (2001b) have previously documented normal structure and 

function in cerebellum of mice lacking PSD93 which may suggest additional 

molecular mechanisms at play in the cerebellum. 

In a healthy brain, a subset of PSD95 molecules is involved in PSD93-PSD95-

NR2B complex assembly, but in mutants PSD95 would only be assembled into 

protein complexes that do not require PSD93 (Frank et al., 2016). An average 
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increase in PSD95 lifetime in mutant animals would suggest that PSD95 

complexes that do not involve PSD93 may grant more stability to PSD95 than 

the PSD93-containing complexes. PSD93-PSD95-NR2B complexes, 

however, represent only 3% of all multiprotein complexes containing PSD95 

and it is currently unknown what percentage of PSD95 molecules is involved 

in other molecular assemblies containing PSD93 (Frank et al., 2017). Further 

analysis of endogenous PSD95 complexes using biochemistry techniques 

would be needed to uncover other types of PSD93-PSD95 multiprotein 

complexes. We could then use that knowledge to investigate PSD95 protein 

stability in different types of molecular assemblies which may instruct us on 

the functional stability of different multiprotein complexes at the PSD. 

Increases in PSD95 lifetime in mice lacking PSD93 may be due to molecular 

reorganisation and compensatory mechanisms at play in mutant mice. 

Synaptic PSD95 protein levels were previously shown to be elevated in mice 

lacking PSD93 (Zhu et al., 2018). The density and mean intensity but not size 

of PSD95-eGFP puncta was higher in PSD93-/- animals compared to controls. 

Changes in puncta density between wild-type and mutant animals would not 

affect the measurement of protein lifetime since the calculation only takes into 

the account the loss of labelling in relation to the amount of labelling detected 

at day 0. In contrast, elevated fluorescence intensity in PSD93-KO animals 

may affect the measurement of protein lifetime to some extent as puncta with 

higher starting fluorescence intensity could be detectable for longer purely 

because of the set puncta detection threshold. To discount the possibility that 

the difference in protein turnover in PSD93 mutants compared to controls is a 

result of a technical limitation, PSD95 lifetime in PSD93 mutants could be 

assessed using traditional mass-spec based pulse-chase experiments or 

single-molecule analysis of PSD95-HaloTag labelling.  

6.4.3 The effects of SynGAP mutation on PSD95 lifetime 
Heterozygous deletion of SynGAP had smaller effect on the lifetime of PSD95 

in adult mice compared to PSD93 mutants. This result could be due to a 

number of reasons, including that (a) SynGAP is expressed in a subset of 
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synapses and they do not represent a high fraction of PSD95-positive 

synapses, (b) SynGAP exerts its influence on neuron structure and function at 

a restricted time window which was not captured in the present analysis and 

(c) SynGAP and PSD95 interaction simply does not influence the stability and 

lifetime of PSD95. No studies to date, to my knowledge, have assessed co-

localisation of PSD95 and SynGAP proteins at the level of single synapses. 

Gene expression studies, however, revealed that SynGAP expression is more 

restricted than that of PSD95 and displays brain region and neuron selectivity 

(Porter et al., 2005). In the future, antibody staining for SynGAP protein could 

be completed on SiR-Halo injected PSD95-HaloTag brain sections and 

sections could be subjected to single-synapse resolution spinning disc 

microscopy to reveal the fraction of synapses that contain both, SynGAP and 

PSD95 proteins. 

Previous studies have documented that the effects of SynGAP mutation are 

restricted to early development and many of the phenotypes disappear by P60 

(Clement et al., 2012, Aceti et al., 2015). Clement et al. (2012) found that 

excitatory synaptic transmission and AMPA/NMDA receptor ratio were 

elevated while spine motility reduced in SynGAP mutants compared to controls 

at P14-16, but not at P7-9 or >6W. Aceti et al. (2015) documented larger total 

neurite length and higher complexity of dendritic arbour in mutants compared 

to wild-type animals at P21 but the differences were no longer detected at P60. 

A number of studies suggest that SynGAP mutants undergo earlier dendritic 

spine formation, remodelling and maturation of neuronal structure and function 

compared to healthy controls, and that only the phenotypes of elevated spine 

size and behavioural abnormalities in mutants are maintained well into the 

adulthood (Clement et al., 2012, Vazquez et al., 2004, Aceti et al., 2015). 

Clement et al. (2012) and Ozkan et al. (2014) further strengthen the support 

for restricted time window of action by showing that conditional removal of 

SynGAP only causes pathology when carried out in developing but not mature 

brain. Future studies examining PSD95 lifetime in SynGAP mutants at different 

stages of development would be useful to complement the current dataset and 
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uncover any developmental time window-dependent effects on protein stability 

and lifetime. 

6.4.4 Future disease models 
The selection of disease models for the current study was based on two 

criteria: (1) the presence of the disease-associated protein in the PSD and (2) 

the close interaction of PSD95 with the disease-associated protein. PSD93 

and SynGAP are both proteins of the post-synapse and are close interactors 

of PSD95. Future studies on PSD95 protein lifetime in mutants could focus on 

disease-associated proteins that have a direct role in protein synthesis or 

degradation. For example, a mutation in a translational repressor protein 

FMRP causes Fragile X syndrome and is one of the leading causes of ASD 

and ID (Osterweil et al., 2010, Barnes et al., 2016). CYFIP1 is another 

translational repressor protein which, when mutated, causes ASD, ID and 

schizophrenia (Louros and Osterweil, 2016, De Rubeis et al., 2013, Haan et 

al., 2021). Neurodegenerative diseases have links to dysfunctional protein 

synthesis and degradation machinery, too. Parkin protein, an E3 ubiquitin 

ligase involved in targeting proteins for degradation, is a risk gene for 

Parkinson’s disease (Arkinson and Walden, 2018, Soukup et al., 2018). Since 

FMRP, CYFIP1 and Parkin all have known roles in protein synthesis or 

degradation, understanding how mutations in these proteins affect the turnover 

and lifetime of an important synaptic organiser PSD95 would be an important 

goal for future studies. 

6.4.5 Implications for memory storage 
PSD93 mutations in mice and humans have been linked to impairments in 

attention, learning and cognitive flexibility in both species (Nithianantharajah 

et al., 2013). These behavioural abnormalities co-occur with presently 

described increases in protein lifetime in mice. Longer protein lifetime in 

synapses would result in longer-term storage of molecular memory but a 

reduced flexibility to adapt and learn new information which appears to be 

consistent with behavioural defects in cognitive flexibility and learning in 

PSD93 mutants. So far these are only rough parallels between molecular 
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stability and cognitive flexibility and future studies should directly explore the 

link between behavioural performance and protein lifetime. One way of 

manipulating the lifetime of PSD95 protein in adult animals without knocking-

out other proteins would be the genetic removal of PEST peptide sequence 

from PSD95, the presence of which selectively targets proteins for degradation 

and thus is linked to shorter protein lifetimes (Rechsteiner and Rogers, 1996, 

Colledge et al., 2003). Behavioural paradigms similar to those used in 

Nithianantharajah et al. (2013) could be employed to directly examine the 

effects of longer-lived PSD95 on behavioural performance.
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Chapter 7  Conclusions and future directions
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7.1 Conclusions 
PSD95 protein lifetime maps are the first of the kind brain-wide single-synapse 

resolution maps of protein lifetime. PSD95 half-life was estimated for 110 brain 

subregions and the study examined on average ~10,000,000 synaptic puncta 

in each mouse brain. With our method we could detect spatial differences in 

synaptic protein lifetime at the level of regions, subregions, cell types, dendritic 

arbour and individual synapses. Single-synapse resolution allowed us for the 

first time to identify synapses with long protein lifetime and assess their 

distribution in different brain regions. Analysis of PSD95 lifetime in developing, 

adult and ageing brain helped us identify brain regions, subregions and 

synapses most susceptible to changes in protein turnover. We applied the 

method to map synaptic protein lifetime in mouse models of 

neurodevelopmental and psychiatric diseases and revealed brain region-, 

subregion- and mutation-specific changes in protein lifetime. Besides providing 

novel biological insights, brain-wide maps of synaptic protein lifetime will form 

a great resource for future research into molecular and synapse biology. 

7.2 Future directions 
7.2.1 Detecting LPL synapses months after labelling 

The longest half-life we detected in adult brain was 12.1 days in L1 of motor 

cortex. Assuming an exponential nature of decay, 70 days after injection we 

should still be able to detect >1.5% of synaptic puncta we started with. At the 

level of synapse subtypes, we showed that subtypes 2 and 34 could retain the 

large majority of SiR-Halo labelled PSD95 over 7 days. Based on the 

percentage of SiR-Halo positive subtypes remaining, the half-life of PSD95 for 

subtypes 2 and 34 would be 153.2 days and 30.7 days, respectively. Assuming 

an exponential decay of PSD95 in different subtypes, we could still expect to 

detect SiR-Halo in subtype 2 more than 2 years after SiR-Halo injection and, 

for subtype 34, more than 6 months after SiR-Halo injection. In our studies, we 

only tracked the lifetime of PSD95 for up to 2 weeks. Establishing whether at 

1-, 2-, 6- or 12- months post-injection we indeed could still detect fluorescently 
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labelled synaptic puncta would carry important implications for current 

scientific understanding of structural and functional stability of synapses. 

7.2.2 Characterisation of LPL and SPL synapses 
In Chapter 4, we classified synapse subtypes into LPL and SPL synapses 

according to their PSD95 protein lifetime. Synapse subtypes had been 

previously defined by the molecular and morphological features of PSD95-

eGFP and SAP102-mKO2 synaptic markers (Zhu et al., 2018, Cizeron et al., 

2020). LPL and SPL synapses could have different functions in the brain and 

further characterisation of the structure and function of these synapses would 

be important. In the short-term, immuno-staining for AMPA and NMDA 

receptors on PSD95-HaloTag brain sections from different time points post-

injection could be performed. By analysing co-localisation of SiR-Halo label 

with immuno-stains, we could investigate the presence and relative abundance 

of glutamate receptors in LPL synapses and reveal some further functional 

characteristics of these synapses. Similar immuno-staining approach could be 

used on PSD95eGFP/+;SAP102mKO2/+ brain sections. Here, synaptic puncta 

could be classified into subtypes based on PSD95-eGFP and SAP102-mKO2 

markers and co-localisation between different subtypes and the presence as 

well as abundance of glutamate receptors could be analysed. Subtype 2 and 

34 were shown to have the longest protein lifetimes in our study and those 

subtypes would be of particular interest in the co-localisation analysis. 

HaloTag protein can be coupled to moieties like HaloLinkTMResin or HaloTag 

Biotin that allow the pull down of protein complexes from mammalian cells 

((Urh and Rosenberg, 2012, Courtney et al., 2018, Perez-Perri et al., 2016). 

Using protein pull down assays we could investigate protein composition of 

SPL and LPL synapses. Brain tissue from PSD95-HaloTag mice could be 

collected at different times post-injection of SiR-Halo, homogenized and 

probed with HaloLinkTMResin or HaloTag Biotin to pull down unlabelled PSD95 

and its interactors. Biochemical and mass spectrometry analyses could be 

carried out to assess whether LPL and SPL synapses contain any distinct 

protein species or preferred PSD95 interactors. 
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7.2.3 Relationship between spine and protein lifetime 
LPL and SPL synapses may coincide with long-lived and short-lived dendritic 

spines in the brain, respectively. To investigate such possibility, SiR-Halo 

injected PSD95-HaloTag mice could be sparsely labelled with fluorescent cell-

fill constructs and subjected to 2P chronic live imaging through a cranial 

window. Dendritic spines with their corresponding SiR-Halo content could be 

visualised and tracked over time, and their lifetime could be determined and 

compared. Since learning has been shown to induce selective stabilization of 

newly formed spines (Holtmaat et al., 2006, Yang et al., 2009, Xu et al., 2009, 

Seaton et al., 2020), we could identify the learning-affected spines and 

compare their protein lifetime to that in the rest of the dendritic spine 

population. Any relationship identified between LPL synapses and learning-

affected spines would provide crucial insights into molecular mechanisms of 

learning and memory. 

7.2.4 Distribution of pre- and post-synaptic protein lifetimes 
Individual synapses are thought to coordinate the size of their pre- and post-

synaptic compartments as evidenced by positive correlation between sizes of 

the PSD, spine head, presynaptic active zone and the number of synaptic 

vesicles (Harris and Stevens, 1989, Schikorski and Stevens, 1997). 

Pharmacological silencing of neuronal activity induces increase in the sizes of 

the PSD, presynaptic active zone and bouton (Murthy et al., 2001). At the level 

of molecules, changes in the contents of presynaptic scaffolding protein 

Munc13-1 in a synapse are matched with changes in the amounts of 

postsynaptic PSD95 so that the stoichiometry is maintained over time (Fisher-

Lavie and Ziv, 2013). The coordination of structure and molecular contents of 

pre- and post-synaptic compartments may be a result of coordinated protein 

turnover and lifetime at the level of individual synapses. To test this hypothesis, 

the lifetime of a presynaptic scaffolding protein such as Munc13-1 should be 

mapped at single-synapse resolution following the experimental setup that was 

used for PSD95. Endogenous Munc13-1 could be fused to a domain of another 

self-labelling tag system, such as SNAP or CLIP (Liss et al., 2015, Wilhelm et 

al., 2021, Hoelzel and Zhang, 2020). Munc13-1 SNAP/CLIP mouse line could 
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then be crossed with PSD95-HaloTag mouse line and a mixture of fluorescent 

HaloTag and SNAP/CLIP ligand could be injected into mice and the lifetime of 

proteins could be estimated. Comparing the lifetime between pre- and post-

synaptic protein in individual synapses should be performed to uncover 

synapse-specific mechanisms of protein lifetime regulation. 

7.2.5 Effects of ablating LPL synapses on memory retention 
To test whether LPL synapses are important for memory storage, inducing 

ablation of these synapses after learning should be performed and the effects 

on behaviour measured. One way of selectively targeting LPL synapses for 

inactivation or destruction is the use of photosensitizers (Bulina et al., 2006, 

Jay, 1988, Takemoto et al., 2011, Takemoto et al., 2017). Photosensitizers are 

molecules that upon irradiation with intense light produce reactive oxygen 

species, such as singlet oxygen, hydroxyl radicals and superoxide ions 

(Josefsen and Boyle, 2008, Castano et al., 2004). Reactive oxygen species 

damage proteins nearby by inducing changes in protein conformation, cross-

linking and backbone fragmentation (Yan et al., 2006, Jay, 1988). The effects 

are locally restricted therefore providing high spatial control (Beck et al., 2002, 

Linden et al., 1992). HaloTag ligands can be coupled to photosensitizers such 

as JF570 (Binns et al., 2020) or SeNBD (Benson et al., 2021). HaloTag-

coupled photosensitizers could be injected into PSD95-HaloTag mice and after 

>2 weeks post-injection, at a time when the majority of remaining fluorescence 

labelling is concentrated in LPL synapses, a strong laser could be used to 

ablate photosensitizer-containing synapses. Prior to injection of 

photosensitiser-HaloTag construct, the mice could be subjected to a learning 

paradigm, such as a motor learning task. Following the ablation of LPL 

synapses, mice could be retested on the motor task to check if the memory of 

previous learning is retained. 
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Appendix 1: Representative images of SiR-Halo fluorescence labelling at 

five time points post-injection.  

 

 

Appendix. Figure 1: Representative images of SiR-Halo fluorescence labelling in different brain 
regions across time. Images from whole brain, layers of the isocortex, subregions of hippocampal 
formation, olfactory areas, striatum, thalamus and cerebellum. CTX, isocortex; HPF, hippocampal 
formation; OLF, olfactory areas; STR, striatum; TH, thalamus; CB, cerebellum; PAL, pallidum; HY, 
hypothalamus; MB, midbrain; P, pons; MY, medulla; CA1so, CA1 stratum oriens; CA1sr, stratum 
radiatum; CA1slm, stratum lacunosum-moleculare; DGmo, dentate gyrus molecular layer; DGpo, 
dentate gyrus polymorphic layer; SUB, subiculum; MOBmi, mitral layer of the main olfactory bulb; 
MOBopl, outer plexiform layer of the main olfactory bulb; MOBgl, glomerular layer of the main olfactory 
bulb. Scale bars: 2 mm (whole brain), 500 µm (CTX, HPF, OLF), 200 µm (STR, TH, CB). 
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Appendix 2: Fluorescent puncta decay in different brain subregions. 
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Appendix. Figure 2: Fluorescent puncta decay in different brain subregions. Example high-
magnification single-synapse resolution images of SiR-Halo puncta decay over 2 weeks. Images from 
subregions of isocortex, hippocampal formation, olfactory areas, cerebellum, midbrain, thalamus, 
striatum and pallidum. CA1so, CA1 stratum oriens; CA1sr, CA1 stratum radiatum; CA2so, CA2 stratum 
oriens; CA2sr, CA2 stratum radiatum; CA3so, CA3 stratum oriens; CA3sr, CA3 stratum radiatum; 
DGmo, dentate gyrus molecular layer; DGpo, dentate gyrus polymorphic layer; SUB, subiculum; 
MOBgl, glomerular layer of the main olfactory bulb; MOBgr, granular layer of the main olfactory bulb; 
CUL4,5mo, lobules IV-V molecular layer; CUL4,5gr, lobules IV-V granular layer; COPYmo, copula 
pyramidis molecular layer; COPYgr, copula pyramidis granular layer; IC, inferior colliculus; SCs, 
superior colliculus, sensory related; SCm, superior colliculus, motor related; SNr, substantia nigra, 
reticular part; SNc, substantia nigra, compact part; LP, lateral posterior nucleus of the thalamus; PO, 
posterior complex of the thalamus; VPM, ventral posteromedial nucleus of the thalamus; RT, reticular 
nucleus of the thalamus; CP, caudoputamen; ACB, nucleus accumbens; GPi, globus pallidus, internal 
segment; SI, substantia innominate. Scale bars: 5 µm 
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Appendix 3: Co-localisation of SiR-Halo and TMR-Halo labelling at day 3 

post-injection. 
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Appendix. Figure 3: Co-localisation of SiR-Halo and TMR-Halo. Representative high-magnification 
images from subregions of isocortex, hippocampal formation, olfactory areas, striatum, pallidum, 
thalamus, midbrain and cerebellum. Scale bars: 5 µm.  
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Appendix 4: Raw numbers for PSD95 half-life estimation. Density- and 

intensity-based PSD95 half-life estimates (+/- 95% CI) for 12 main brain areas 

and 110 brain subregions in 3-month-old mice. Mean (+/- SD) are provided for 

5 time points used to fit an exponential decay function and estimate half-life. 

 

PSD95 puncta density  

(/ 100um2) 

 

PSD95 puncta intensity  

(AU) 

Half-life (days) Half-life (days) 

Abbreviation Region name MEAN 95%CI_lower 95%CI_upper 

 

MEAN 95%CI_lower 95%CI_upper 
Isocortex Isocortex 6.5391 5.0011 9.4460 4.7310 3.5167 7.2263 
OLF Olfactory areas 2.9038 1.8902 6.2558 2.5827 1.6701 5.6939 
HPF Hippocampal Formation 3.8465 2.6216 7.2195 3.6075 2.5078 6.4247 
CTXsp Cortical subplate 4.2813 3.1027 6.9039 3.6050 2.4079 7.1692 
STR Striatum 4.9688 3.3213 7.6735 3.7890 2.5835 7.1043 
PAL Pallidum 4.8710 3.1027 11.3370 3.6005 2.1639 10.7105 
TH Thalamus 2.7693 1.7294 7.5498 2.5620 1.5906 6.5819 
HY Hypothalamus 4.5722 3.1209 8.5405 4.0153 2.4547 11.0229 
MB Midbrain 4.3594 3.1393 7.1238 3.3877 2.2920 6.4907 
P Pons 3.9608 2.6486 7.8544 3.6891 2.3307 8.8431 
MY Medulla 3.8064 2.6537 6.7296 3.1247 2.0689 6.3812 
CB Cerebellum 3.8106 2.8893 5.5944 3.0346 2.1325 5.2592 
 

 
PSD95 puncta density (/ 100um2) 

Day 0 Day 1.5 Day 3 Day 7 Day 14 
Brain region MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 

Isocortex 15.1645 0.6938 15.0644 0.7950 14.7378 0.3342 15.9532 0.8630 16.3327 0.3744 
OLF 14.9284 1.0758 14.8974 1.0429 14.7253 0.5868 11.7565 5.9721 1.9776 5.5935 
HPF 14.9287 0.6246 15.0738 0.8026 14.6295 0.3944 15.3009 0.4362 10.1604 6.3463 
CTXsp 15.0630 0.9752 14.8332 0.7377 14.8834 0.6241 15.7874 0.6114 9.2213 7.6719 
STR 15.3306 1.0415 15.4682 1.5510 15.0059 0.7015 17.0247 1.2322 14.8464 6.5554 
PAL 14.9702 0.4965 15.0580 0.9827 14.7189 0.5404 15.1496 0.6099 8.2500 7.7473 
TH 13.7250 0.3613 13.7981 0.5954 13.5430 0.3627 7.4052 6.9883 0.0000 0.0000 
HY 15.3722 0.6980 15.4806 1.1527 15.0037 0.4768 15.4828 0.4955 7.5052 8.0726 
MB 15.1146 0.2893 15.2103 0.6524 14.8229 0.3005 12.9684 5.7262 8.8731 7.3730 
P 15.5528 0.2879 15.7148 0.6525 15.4672 0.4176 12.3181 6.0633 5.2143 6.5311 
MY 15.5915 0.5906 15.4343 0.5928 15.1404 0.1655 12.3645 6.0930 1.6667 4.0825 
CB 13.7103 0.3435 13.7790 0.4172 13.2934 0.2425 9.3974 6.4220 0.0000 0.0000 
 

 
PSD95 puncta intensity (AU) 

Day 0 Day 1.5 Day 3 Day 7 Day 14 
Brain region MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 
Isocortex 5.9E+11 2.1E+11 5.0E+11 1.6E+11 4.6E+11 6.3E+10 1.9E+11 9.1E+10 5.4E+10 2.9E+10 
OLF 8.1E+10 5.0E+10 4.9E+10 3.0E+10 4.2E+10 1.5E+10 8.6E+09 6.7E+09 8.3E+08 8.7E+08 
HPF 8.5E+10 3.8E+10 6.3E+10 3.1E+10 5.8E+10 1.3E+10 1.6E+10 1.1E+10 2.9E+09 2.0E+09 
CTXsp 1.0E+10 5.3E+09 9.1E+09 4.0E+09 6.8E+09 2.2E+09 1.8E+09 1.2E+09 1.7E+08 1.8E+08 
STR 2.0E+11 1.0E+11 1.7E+11 7.7E+10 1.4E+11 2.4E+10 4.2E+10 2.8E+10 6.4E+09 4.4E+09 
PAL 8.0E+09 4.8E+09 6.2E+09 5.0E+09 4.9E+09 2.4E+09 1.9E+09 1.5E+09 2.1E+08 1.8E+08 
TH 4.4E+10 2.8E+10 2.8E+10 2.3E+10 2.4E+10 1.2E+10 2.3E+09 2.1E+09 1.7E+08 1.7E+08 
HY 1.5E+10 8.3E+09 1.2E+10 8.5E+09 1.1E+10 6.3E+09 3.1E+09 2.7E+09 4.4E+08 4.8E+08 
MB 5.4E+10 2.7E+10 3.6E+10 1.8E+10 3.7E+10 1.2E+10 8.5E+09 6.2E+09 1.3E+09 1.0E+09 
P 1.6E+10 9.1E+09 1.3E+10 7.9E+09 1.2E+10 3.8E+09 2.6E+09 2.4E+09 2.6E+08 2.5E+08 
MY 3.5E+10 1.5E+10 2.7E+10 1.5E+10 2.2E+10 6.1E+09 4.3E+09 4.0E+09 3.2E+08 2.9E+08 
CB 3.6E+10 1.4E+10 2.5E+10 1.3E+10 2.2E+10 6.9E+09 3.7E+09 3.3E+09 8.2E+07 6.1E+07 
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PSD95 puncta density 

 (/ 100um2) 

 

PSD95 puncta intensity 

 (AU) 

Half-life (days) Half-life (days) 

Abbreviation Brain_area MEAN 95%CI_lower 95%CI_upper 

 

MEAN 95%CI_lower 95%CI_upper 
ORB1 Isocortex 10.7033 8.3512 14.8968 6.0634 4.2427 10.6213 
ORB2-3 Isocortex 7.9317 6.1286 11.2396 4.9274 3.5591 8.0050 
ORB5 Isocortex 6.1558 4.6898 8.9623 4.1084 2.9032 7.0247 
ORB6a Isocortex 5.1268 3.7898 7.9326 3.8119 2.6646 6.6944 
ORB6b Isocortex 4.0440 2.6690 8.3421 3.1870 2.0591 7.0471 
FRP1 Isocortex 11.6241 8.6052 17.9062 6.6143 4.3782 13.5186 
FRP2-3 Isocortex 8.9208 6.8425 12.8052 5.4708 3.8366 9.5307 
MO1 Isocortex 12.0694 9.2766 17.2639 6.1486 4.5067 9.6725 
MO2-3 Isocortex 8.7707 6.6906 12.7323 5.3839 3.9391 8.5027 
MO5 Isocortex 6.6777 4.9975 10.0704 4.5363 3.2758 7.3738 
MO6a Isocortex 5.2116 3.6968 8.8209 3.9931 2.7089 7.5924 
MO6b Isocortex 4.7057 2.7528 16.2102 3.7728 2.0947 18.9735 
SS1 Isocortex 10.4311 7.6820 16.2482 5.4226 3.9536 8.6289 
SS2-3 Isocortex 8.0909 6.2221 11.5582 4.6762 3.5480 6.8566 
SS4 Isocortex 6.2672 4.7705 9.1276 3.9323 2.8921 6.1412 
SS5 Isocortex 5.6769 4.2866 8.3977 3.7503 2.7677 5.8150 
SS6a Isocortex 5.0669 3.5785 8.6763 3.4134 2.3393 6.3112 
SS6b Isocortex 4.5813 2.4871 28.9777 3.1410 1.6267 45.4511 
PTLp1 Isocortex 10.0383 7.1844 16.6542 5.2821 3.6431 9.6019 
PTLp2-3 Isocortex 8.2390 6.1833 12.3446 5.1919 3.9235 7.6724 
PTLp4 Isocortex 6.9176 5.2392 10.1844 4.5611 3.4025 6.9164 
PTLp5 Isocortex 5.7285 4.4575 8.0207 4.0312 3.1192 5.6966 
PTLp6a Isocortex 5.2274 3.8832 8.0012 3.7074 2.6137 6.3748 
PTLp6b Isocortex 5.9754 3.5096 20.1204 4.2904 2.2759 37.3630 
VIS1 Isocortex 8.5007 6.6266 11.8588 5.1940 3.9262 7.6709 
VIS2-3 Isocortex 7.9009 5.7955 12.4042 5.0592 3.6465 8.2588 
VIS4 Isocortex 6.4180 4.6929 10.1560 4.6636 3.3363 7.7448 
VIS5 Isocortex 5.2353 3.9767 7.6582 4.0991 3.0296 6.3360 
VIS6a Isocortex 4.5068 3.4605 6.4659 3.5889 2.6055 5.7645 
VIS6b Isocortex 4.2265 2.7279 9.3732 3.7933 2.3994 9.0507 
RSPd1 Isocortex 5.8642 4.4662 8.5300 4.6195 3.2380 8.0568 
RSPd2-3 Isocortex 5.4622 4.1456 8.0068 4.9398 3.2613 10.1781 
RSPd5 Isocortex 4.7770 3.5896 7.1378 4.1727 2.7641 8.5089 
RSPv1 Isocortex 5.4322 3.8594 9.1698 4.6109 2.8387 12.2728 
RSPv2-3 Isocortex 4.1605 2.8361 7.7943 3.7829 2.4939 7.8300 
RSPv5 Isocortex 4.7935 3.4112 8.0627 3.9054 2.5187 8.6891 
RSPv6a Isocortex 3.7569 2.5672 7.0079 2.9682 1.9696 6.0208 
MOBgl Olfactory areas 1.1581 0.7659 2.3738 1.0561 0.6231 3.4618 
MOBopl Olfactory areas 2.3504 1.6332 4.1882 1.8013 1.0938 5.0990 
MOBmi Olfactory areas 2.3984 1.7161 3.9813 1.6560 1.0203 4.3944 
MOBipl Olfactory areas 2.6196 1.8784 4.3268 1.8356 1.1231 5.0210 
MOBgr Olfactory areas 2.6773 1.9520 4.2603 2.7559 1.5250 14.2868 
AON1 Olfactory areas 4.7411 3.2573 8.7013 3.2868 2.0967 7.6004 
AON2 Olfactory areas 4.2214 2.9087 7.6956 2.8752 1.7740 7.5817 
PIR1 Olfactory areas 4.1506 2.9185 7.1814 3.1162 1.8995 8.6697 
PIR2 Olfactory areas 3.4331 2.2711 7.0270 2.7396 1.7306 6.5697 
PIR3 Olfactory areas 3.9428 2.6206 7.9535 2.6362 1.6408 6.7027 
CA1so Hippocampal formation 5.1573 3.5674 9.3040 4.1882 2.8550 7.8573 
CA1sp Hippocampal formation 3.6578 2.2726 9.3492 3.5202 2.3465 7.0430 
CA1sr Hippocampal formation 5.8991 4.1630 10.1308 4.4526 3.0862 7.9901 
CA1slm Hippocampal formation 5.5809 3.8854 9.9092 4.3693 2.9892 8.1161 
CA2so Hippocampal formation 1.4157 0.9220 3.0481 1.2555 0.8031 2.8753 
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CA2sp Hippocampal formation 1.6763 1.0070 4.9975 1.3050 0.7871 3.8159 
CA2sr Hippocampal formation 1.8131 1.1516 4.2603 1.4194 0.9110 3.2120 
CA2slm Hippocampal formation 2.4051 1.4951 6.1395 1.3764 0.8672 3.3329 
CA3so Hippocampal formation 2.9596 1.9394 6.2446 2.5317 1.6131 5.8808 
CA3sp Hippocampal formation 2.7332 1.7588 6.1286 2.2621 1.4463 5.1890 
CA3sr Hippocampal formation 3.1738 2.1433 6.1070 3.0680 1.9787 6.8261 
CA3slm Hippocampal formation 2.9877 1.8795 7.2779 2.6247 1.6451 6.4889 
DG-mo Hippocampal formation 3.2209 2.1262 6.6457 2.4457 1.6525 4.7034 
DG-po Hippocampal formation 3.7549 2.5739 6.9329 2.6436 1.8073 4.9201 
DG-sg Hippocampal formation 2.4270 1.4808 6.7231 2.0878 1.3250 4.9208 
SUB Hippocampal formation 6.3533 4.8438 9.2174 4.5177 3.3459 6.9523 
CLA Cortical subplate 4.3026 3.1767 6.6649 3.6938 2.5524 6.6819 
EPd Cortical subplate 4.2524 2.9584 7.5531 3.3528 2.1485 7.6295 
CP Striatum 4.9264 3.5455 8.0636 3.7970 2.6656 6.5976 
ACB Striatum 4.5482 3.1883 7.9389 3.3748 2.2994 6.3400 
FS Striatum 5.4279 2.9124 40.0200 5.8143 2.8428 128.5200 
OT1 Striatum 4.3403 3.2194 6.6585 3.6854 2.2315 10.5756 
OT2 Striatum 3.3895 2.3512 6.0696 3.0953 2.0884 5.9767 
OT3 Striatum 4.0299 2.7949 7.2210 3.6495 2.3744 7.8822 
GPi Pallidum 3.1665 1.6279 57.7142 3.8131 2.3352 10.3859 
SI Pallidum 5.0447 3.2944 10.7732 3.9093 2.3378 11.9262 
MA Pallidum 3.5803 2.3641 7.3708 2.7159 1.5674 10.1613 
LD Thalamus 3.7326 2.3393 9.2272 2.5273 1.5328 7.1969 
LP Thalamus 3.6889 2.3959 8.0244 3.5671 2.1843 9.7216 
PO Thalamus 2.9210 1.8140 7.4902 2.4893 1.5218 6.8338 
RT Thalamus 3.7027 2.4160 7.9298 3.3927 2.1198 8.4923 
VPL Thalamus 2.6029 1.5211 9.0066 2.1231 1.2801 6.2171 
VPM Thalamus 2.3976 1.4224 7.6195 2.0469 1.2341 5.9953 
SPFp Thalamus 4.1456 2.8097 7.8946 3.0950 2.0686 6.1431 
LHA Hypothalamus 4.9546 3.3502 9.5121 4.2206 2.6517 10.3356 
STN Hypothalamus 3.7589 2.4484 8.0881 2.9997 1.7360 11.0260 
ZI Hypothalamus 4.3349 2.9533 8.1547 3.8292 2.2851 11.8095 
IC Midbrain 4.0346 2.8200 7.0910 2.9600 2.0926 5.0554 
SCm Midbrain 4.7770 3.4297 7.8686 3.6057 2.3255 8.0217 
SCs Midbrain 4.6087 3.3308 7.4725 3.5963 2.2046 9.7532 
SNc Midbrain 4.2137 2.8246 8.2902 3.9882 2.5692 8.9081 
SNr Midbrain 5.3155 3.5933 10.1948 4.3076 2.7955 9.3822 
APN Midbrain 4.0066 2.7430 7.4189 3.4625 2.0040 12.7210 
NOT Midbrain 4.5813 3.1293 8.5405 3.5129 2.2634 7.8423 
PPN Midbrain 4.0229 2.8929 6.6014 3.2743 2.0430 8.2418 
PPT Midbrain 4.4547 3.1083 7.8499 3.3345 2.1454 7.4805 
RR Midbrain 4.4662 3.1251 7.8277 3.7673 2.4221 8.4728 
MRN Midbrain 4.6272 3.3356 7.5416 3.5316 2.3604 7.0095 
P Pons 3.9608 2.6486 7.8544 3.6891 2.3307 8.8431 
MY Medulla 3.8064 2.6537 6.7296 3.1247 2.0689 6.3812 
IP Cerebellum 2.1935 1.5604 3.6909 2.1555 1.4649 4.0776 
ANcr2gr Cerebellum 3.8465 2.8905 5.7475 3.2314 2.0541 7.5712 
ANcr2mo Cerebellum 4.1431 3.0098 6.6393 3.6958 2.0621 17.7875 
CENT3gr Cerebellum 3.4832 2.5615 5.4407 2.5374 1.5649 6.7030 
CENT3mo Cerebellum 3.4797 2.5990 5.2591 2.5109 1.7268 4.5997 
CUL4,5gr Cerebellum 3.8810 2.8572 6.0484 3.0372 2.0374 5.9634 
CUL4,5mo Cerebellum 3.5491 2.7397 5.0337 2.8348 1.9767 5.0096 
SIMgr Cerebellum 3.9813 2.9916 5.9498 3.4967 2.3779 6.6039 
SIMmo Cerebellum 3.7733 2.8583 5.5541 3.1831 2.1346 6.2561 
PRMgr Cerebellum 3.5239 2.6887 5.1155 2.8028 1.9675 4.8708 
PRMmo Cerebellum 4.5813 2.6918 15.4033 3.5457 2.0751 12.1729 
COPYgr Cerebellum 4.0276 2.8006 7.1665 3.1157 1.8238 10.6818 
COPYmo Cerebellum 4.5039 3.0562 8.5563 3.6726 2.0867 15.2999 
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PSD95 puncta density (/ 100um2) 

Day 0 Day 1.5 Day 3 Day 7 Day 14 

Brain subregion MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 
ORB1 62.8687 11.4417 65.6859 10.4541 66.2266 4.6247 43.7134 10.1226 24.0173 9.1668 
ORB2-3 59.3126 13.8279 58.2794 11.7704 59.5634 4.7418 33.9976 11.1842 14.4212 7.4156 
ORB5 53.5819 14.6930 51.3053 12.3307 51.1972 5.8436 24.3127 10.3227 6.9741 4.2135 
ORB6a 45.3404 14.9908 41.3984 12.7191 40.5198 5.9146 16.0179 8.9564 2.9059 2.2706 
ORB6b 23.0066 12.1634 14.8942 6.3028 17.3811 6.2472 5.9005 4.5664 0.6623 0.7041 
FRP1 62.1839 11.9902 64.9020 10.9018 65.8945 4.9560 42.7557 19.7491 27.1394 8.0717 
FRP2-3 59.0363 14.7934 61.2123 11.3051 59.9959 5.2302 38.3689 10.6226 17.0027 7.6832 
MO1 67.2778 12.1222 69.2405 9.8815 73.3358 5.6865 50.7879 10.8619 28.1936 10.7256 
MO2-3 61.1267 14.6468 61.9421 10.8651 64.6317 5.9441 39.5738 11.9611 16.3134 8.4269 
MO5 50.6986 15.8797 50.5214 10.8230 51.1161 6.0704 25.6720 10.3920 7.5688 4.8452 
MO6a 38.9490 15.8529 36.8030 12.0468 36.5463 7.0140 14.2262 8.0768 1.8111 1.7181 
MO6b 21.7451 15.3823 15.4078 9.9708 20.2734 9.8383 6.2713 4.9863 0.4460 0.4851 
SS1 69.6685 13.4310 71.9572 9.4151 75.8227 5.3447 46.3238 25.0742 26.2473 11.6406 
SS2-3 64.4906 9.8576 64.0776 9.7314 67.1186 4.3725 37.6429 19.2467 15.8673 9.1418 
SS4 62.1959 12.6550 59.4552 12.6867 62.5909 5.4017 27.6182 17.2005 8.5013 5.9417 
SS5 54.6272 14.2378 51.8459 12.6358 52.6704 4.3000 21.9648 13.4972 5.0278 3.9415 
SS6a 42.2048 16.2173 38.6547 14.9451 39.1548 5.1221 14.5505 10.6408 1.7570 1.7661 
SS6b 19.9070 16.6429 11.2855 9.4419 19.2598 9.4262 5.0201 4.5660 0.3244 0.3834 
PTLp1 69.1760 21.4804 73.0114 7.7650 74.6333 7.9864 45.8913 25.4664 24.7471 11.4766 
PTLp2-3 64.4065 14.0416 64.9155 10.4137 68.6729 4.9933 37.9828 20.0892 16.3404 9.5498 
PTLp4 63.4093 11.2112 63.6180 13.3662 65.5238 4.6843 32.9009 20.0404 10.4746 6.9194 
PTLp5 62.1599 10.2356 58.5227 12.1266 59.2120 5.6583 25.5329 15.7972 6.1091 5.1932 
PTLp6a 49.0647 12.8816 45.4666 14.2247 45.9396 4.9223 17.6707 12.5484 2.7842 2.5336 
PTLp6b 21.1925 15.8660 16.6242 8.4331 26.6934 5.0184 8.1094 6.8836 0.7569 0.8335 
VIS1 71.0622 12.7020 71.5652 7.3562 71.7950 5.3347 42.1224 20.1843 20.2194 8.9707 
VIS2-3 60.9104 20.8680 64.5506 9.0891 62.7801 6.3803 36.6853 18.2710 13.8265 7.7615 
VIS4 60.3217 21.9105 61.6583 9.8433 58.6984 10.9444 29.3019 17.0043 8.6230 5.6004 
VIS5 61.6313 10.2049 56.8873 11.9048 50.7917 18.6537 24.2200 15.0627 5.1089 4.2501 
VIS6a 52.2604 8.9228 44.6421 14.7350 41.3038 8.4902 16.0488 12.0092 1.8652 1.9546 
VIS6b 25.1451 13.2869 17.3946 8.1644 18.9759 7.9470 7.4143 7.7335 0.5677 0.7025 
RSPd1 60.2256 12.7867 56.4277 16.2005 56.6440 6.3615 24.8224 13.9231 7.4471 5.1156 
RSPd2-3 59.2044 11.7267 54.6031 16.3184 55.2924 7.2486 22.4282 14.0816 5.1089 4.3291 
RSPd5 58.1232 13.7759 46.0072 15.4438 50.1024 8.9229 17.4699 11.9389 3.6898 3.6211 
RSPv1 39.6098 10.6863 34.3567 13.5016 38.4790 10.0775 14.8286 10.1971 2.6085 2.3650 
RSPv2-3 28.4609 11.0648 21.9629 11.3662 23.5577 7.3639 6.3794 6.2579 0.5406 0.5780 
RSPv5 46.3496 16.3436 36.6138 12.6089 41.2632 10.2358 13.8554 10.9998 2.3923 2.0454 
RSPv6a 34.3357 15.0227 26.2068 12.4444 23.9632 9.5385 7.4143 6.6439 0.8380 1.0040 
MOBgl 16.7130 9.2859 6.7038 4.1050 2.9039 1.3264 0.1622 0.1081 0.0000 0.0000 
MOBopl 29.5954 12.3101 20.7600 10.5918 13.8400 4.7608 0.4685 0.4621 0.0000 0.0000 
MOBmi 11.0596 4.0576 7.7232 3.4706 5.2981 1.5681 0.2883 0.3256 0.0000 0.0000 
MOBipl 14.0563 4.5172 11.2630 4.7557 7.1980 2.5487 0.4685 0.4621 0.0000 0.0000 
MOBgr 11.1214 3.5966 8.0630 3.3934 6.4875 1.6327 0.3398 0.4972 0.0000 0.0000 
AON1 53.3732 21.3477 48.5346 20.7952 45.3179 9.8979 16.4710 10.4424 1.7300 1.9180 
AON2 47.7913 20.1546 41.2497 18.2382 38.0465 9.5123 11.6054 8.8156 0.8920 1.0106 
PIR1 43.6149 15.7735 37.6680 15.3527 35.2796 9.4047 10.4521 6.5858 0.3244 0.3655 
PIR2 27.1123 13.0034 20.6113 9.9788 19.4007 7.9707 3.5501 2.8430 0.0811 0.1609 
PIR3 32.6943 14.3397 28.8018 13.7452 25.6689 6.7790 7.4967 5.6832 0.1352 0.1981 
CA1so 78.1984 29.9527 68.4296 29.4221 76.6201 15.3265 25.3321 18.7213 4.2439 3.6143 
CA1sp 20.7480 11.1490 14.1779 10.4647 15.2727 7.7849 3.8616 3.8833 0.2433 0.2695 
CA1sr 73.9815 24.8801 69.2270 24.2705 74.9982 17.5769 30.8311 18.9683 7.2038 5.5462 
CA1slm 63.1810 25.1845 62.0232 19.6284 66.7537 8.4565 24.0810 19.6760 3.4059 3.9568 
CA2so 45.0521 27.2038 20.2059 18.7568 11.8127 6.8567 0.9113 1.0628 0.0000 0.0000 
CA2sp 3.7964 2.8234 1.6895 1.8709 1.3516 0.6715 0.2317 0.3085 0.0811 0.1119 
CA2sr 33.3866 20.7457 18.6921 17.0026 11.0152 4.3124 1.6682 1.7467 0.0541 0.1001 
CA2slm 47.4789 28.1930 32.9916 27.9523 23.4361 11.7519 0.6024 0.7059 0.0000 0.0000 
CA3so 30.3591 16.6347 23.5848 14.3929 17.4487 5.7062 3.1202 3.1059 0.0270 0.0765 
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CA3sp 13.8160 7.9804 9.5961 6.0701 7.8661 3.8161 0.8496 0.9800 0.0541 0.1001 
CA3sr 33.6389 16.0682 27.1934 14.7615 21.2601 7.1222 3.6454 3.5515 0.0270 0.0765 
CA3slm 42.9857 24.5085 34.0594 24.8798 27.0313 10.5876 2.2088 2.2193 0.1757 0.2448 
DG-mo 64.4065 33.2548 49.0752 28.4526 42.6283 16.2249 7.1208 6.0300 0.1892 0.3152 
DG-po 21.6490 10.0536 18.8678 8.3801 16.8405 4.2697 3.1974 3.0119 0.0676 0.1284 
DG-sg 5.1059 3.2955 3.2573 2.8352 2.5950 1.4803 0.2163 0.2163 0.0000 0.0000 
SUB 46.5418 11.0010 42.7364 9.8807 44.1555 5.5048 20.1421 10.8034 8.0959 5.7874 
CLA 40.0333 14.2867 37.0405 9.9676 32.2348 6.3723 10.3337 8.1685 1.1894 1.3331 
EPd 29.4370 11.3110 27.1394 12.4559 23.3955 4.3250 7.5688 5.2776 0.2163 0.2312 
CP 44.5956 14.7478 40.9253 15.2258 42.3309 6.6097 13.5002 8.4530 1.7570 1.7278 
ACB 40.9794 15.8279 37.8438 15.6534 32.8295 8.0158 11.9555 8.2068 2.0698 1.5130 
FS 5.1089 4.2363 4.1628 2.5685 6.0009 3.9211 1.5138 1.5189 0.2703 0.3419 
OT1 41.7603 12.9649 38.2763 8.2949 31.8042 7.5410 11.4613 5.9788 0.7569 0.8837 
OT2 27.0177 12.1266 21.6559 7.6164 16.5740 6.0139 5.0458 2.9923 0.2163 0.2792 
OT3 30.7616 13.3741 28.9621 9.5315 22.3973 7.0636 7.4426 3.9665 0.2780 0.3686 
GPi 5.6766 6.3583 3.3982 1.9571 3.5321 1.0204 1.0813 1.1027 0.1622 0.2519 
SI 8.8392 4.1668 7.9858 4.2157 8.0630 2.0237 3.0893 2.3614 0.4325 0.4325 
MA 12.2722 4.8060 10.2178 5.8287 7.8931 3.8265 2.6722 2.2618 0.1545 0.2057 
LD 32.3294 17.6326 26.1663 17.1490 27.3016 11.2401 3.3055 3.9751 0.1081 0.1156 
LP 28.7252 15.1844 22.6522 13.6273 23.1658 6.8398 3.5218 2.9853 0.1622 0.1917 
PO 30.1549 17.2848 21.1655 16.6837 19.4084 9.5771 1.5138 1.7613 0.0000 0.0000 
RT 10.1638 4.7991 8.5284 5.2423 7.9472 2.9076 1.3902 1.4870 0.0270 0.0765 
VPL 18.1410 12.2551 12.3668 11.6268 10.3259 7.2017 0.3089 0.4299 0.0000 0.0000 
VPM 24.2440 15.1153 15.8133 15.1297 12.4884 10.2164 0.2471 0.3625 0.0000 0.0000 
SPFp 14.6930 6.3266 12.5966 6.4718 12.0559 3.4869 3.1820 2.6857 0.2433 0.2933 
LHA 10.9326 4.4359 10.5963 5.2730 10.0093 1.7994 3.6145 2.8077 0.5406 0.6116 
STN 12.4344 5.8493 10.9052 6.5650 9.3451 3.5533 2.1934 2.3280 0.1622 0.2238 
ZI 9.2507 3.3182 7.7039 4.3756 7.9202 2.0932 2.2243 1.9965 0.1892 0.2695 
IC 14.3686 5.3542 10.7044 4.0867 12.2857 4.0892 2.6568 2.0881 0.1352 0.1609 
SCm 11.1489 3.9949 9.9610 3.7857 9.7583 1.5993 3.4291 2.4352 0.4866 0.4439 
SCs 18.3813 6.5939 16.0430 5.6568 15.9755 2.6747 5.0201 3.7236 0.8109 0.7288 
SNc 6.7278 2.9620 5.5955 3.0307 5.7036 1.6180 1.3902 1.2785 0.2163 0.2585 
SNr 5.9108 2.4609 5.0548 2.6332 5.2981 0.9740 2.1625 1.6563 0.5136 0.5772 
APN 10.8005 4.6237 8.9203 4.3462 9.1230 2.1855 1.8999 1.6157 0.0541 0.1001 
NOT 11.7256 4.9307 11.2315 4.9321 10.6773 2.3737 3.0121 2.8989 0.2433 0.2435 
PPN 7.5207 2.4698 5.8928 2.6997 5.5684 1.3014 1.8845 1.5429 0.1352 0.2568 
PPT 10.6203 4.0191 9.4474 4.3184 9.2582 1.7925 2.6722 2.2721 0.2433 0.1805 
RR 9.0224 2.6994 7.0281 3.9263 7.1363 2.0087 2.7649 1.9955 0.2973 0.3257 
MRN 9.5871 3.2311 8.0013 3.3261 7.9472 1.3616 2.9039 2.0737 0.4325 0.4325 
P 6.3674 2.6510 5.1630 2.7070 5.0008 1.4035 1.1173 1.1395 0.0927 0.1156 
MY 7.5928 2.3921 6.5184 2.9451 5.8748 0.9517 1.2615 1.1719 0.0360 0.0883 
IP 3.6763 1.4222 2.1895 1.4411 1.6759 0.4870 0.1236 0.1156 0.0000 0.0000 
ANcr2gr 14.3961 2.7921 12.2614 3.6520 11.5910 1.0212 2.5301 1.5474 0.0000 0.0000 
ANcr2mo 15.1015 3.2865 13.8833 3.3585 12.3695 1.2921 2.7392 2.3820 0.0360 0.0883 
CENT3gr 14.8942 4.4170 10.7449 4.3346 11.1639 2.6026 1.9463 1.7657 0.0000 0.0000 
CENT3mo 15.0294 4.5287 11.6775 4.6004 10.7314 1.6788 2.1934 1.7982 0.0000 0.0000 
CUL4,5gr 15.7262 4.4276 13.0561 4.6824 13.1777 2.6551 2.3479 2.1604 0.0000 0.0000 
CUL4,5mo 14.8852 3.7048 11.4477 3.6855 10.7314 1.6907 2.3479 1.8537 0.0000 0.0000 
SIMgr 16.5895 2.4899 13.3210 4.8659 13.0183 1.0856 3.8493 2.9548 0.0360 0.0883 
SIMmo 12.9930 1.5838 10.3800 3.4431 9.5691 0.6211 2.9194 2.1589 0.0000 0.0000 
PRMgr 15.8583 2.1783 11.4396 3.4059 12.2722 1.6786 2.7248 1.7000 0.0000 0.0000 
PRMmo 13.5697 7.3976 13.1048 3.2206 13.6238 1.0813 3.1717 3.0378 0.0360 0.0883 
COPYgr 13.1604 4.0580 10.9855 3.8301 11.1153 0.9743 2.2706 1.5544 0.0000 0.0000 
COPYmo 14.5505 4.0605 12.8236 3.9325 12.7588 0.8784 2.8113 3.9757 0.0000 0.0000 
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PSD95 puncta intensity (AU) 

Day 0 Day 1.5 Day 3 Day 7 Day 14 

Brain subregion MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 
ORB1 2.0E+10 7.9E+09 1.9E+10 8.4E+09 1.7E+10 3.1E+09 8.3E+09 3.4E+09 3.4E+09 1.4E+09 
ORB2-3 3.5E+10 1.4E+10 2.9E+10 1.1E+10 2.6E+10 4.7E+09 1.2E+10 4.4E+09 3.8E+09 1.9E+09 
ORB5 2.6E+10 1.2E+10 2.1E+10 8.9E+09 1.8E+10 3.7E+09 7.2E+09 3.6E+09 1.5E+09 9.1E+08 
ORB6a 1.8E+10 8.2E+09 1.5E+10 6.6E+09 1.2E+10 2.4E+09 4.0E+09 2.5E+09 6.2E+08 4.7E+08 
ORB6b 1.7E+09 9.9E+08 1.1E+09 5.6E+08 1.0E+09 4.5E+08 2.9E+08 2.3E+08 3.4E+07 4.0E+07 
FRP1 3.6E+09 1.9E+09 3.8E+09 1.5E+09 3.3E+09 8.3E+08 1.7E+09 8.3E+08 7.2E+08 2.8E+08 
FRP2-3 4.5E+09 2.1E+09 4.1E+09 1.4E+09 3.6E+09 9.6E+08 1.8E+09 8.3E+08 5.8E+08 2.9E+08 
MO1 3.8E+10 1.4E+10 3.4E+10 1.0E+10 3.2E+10 7.8E+09 1.7E+10 7.0E+09 7.0E+09 3.0E+09 
MO2-3 8.4E+10 3.3E+10 7.3E+10 2.2E+10 6.9E+10 1.2E+10 3.2E+10 1.4E+10 1.0E+10 5.3E+09 
MO5 6.6E+10 2.8E+10 5.5E+10 1.9E+10 5.1E+10 7.7E+09 2.0E+10 1.0E+10 4.3E+09 2.7E+09 
MO6a 1.4E+10 7.2E+09 1.1E+10 4.9E+09 1.0E+10 2.4E+09 3.1E+09 2.0E+09 3.4E+08 3.1E+08 
MO6b 1.5E+09 1.2E+09 9.8E+08 7.9E+08 1.1E+09 6.9E+08 2.9E+08 2.4E+08 1.8E+07 1.9E+07 
SS1 2.1E+10 7.9E+09 1.8E+10 5.4E+09 1.8E+10 3.7E+09 7.5E+09 4.7E+09 3.2E+09 1.7E+09 
SS2-3 4.4E+10 1.4E+10 3.7E+10 1.0E+10 3.3E+10 3.4E+09 1.3E+10 7.6E+09 4.5E+09 2.8E+09 
SS4 1.3E+10 4.8E+09 1.0E+10 3.8E+09 9.3E+09 1.2E+09 3.0E+09 2.0E+09 7.5E+08 5.6E+08 
SS5 3.6E+10 1.3E+10 2.7E+10 9.8E+09 2.5E+10 3.0E+09 7.6E+09 4.9E+09 1.4E+09 1.1E+09 
SS6a 1.3E+10 6.4E+09 9.1E+09 4.4E+09 8.1E+09 1.4E+09 2.2E+09 1.7E+09 2.5E+08 2.2E+08 
SS6b 9.7E+08 9.4E+08 5.2E+08 4.8E+08 6.8E+08 5.4E+08 1.2E+08 1.1E+08 1.0E+07 1.0E+07 
PTLp1 3.7E+09 1.8E+09 3.3E+09 1.2E+09 2.9E+09 6.3E+08 1.3E+09 8.1E+08 5.3E+08 3.2E+08 
PTLp2-3 5.6E+09 1.6E+09 4.9E+09 1.4E+09 4.7E+09 7.6E+08 1.9E+09 1.1E+09 6.3E+08 3.9E+08 
PTLp4 1.5E+09 4.0E+08 1.3E+09 5.0E+08 1.2E+09 2.1E+08 4.2E+08 2.8E+08 1.1E+08 7.3E+07 
PTLp5 3.7E+09 8.6E+08 3.0E+09 1.0E+09 2.7E+09 4.2E+08 8.8E+08 5.8E+08 1.6E+08 1.3E+08 
PTLp6a 1.4E+09 6.4E+08 1.1E+09 4.7E+08 1.0E+09 1.6E+08 3.0E+08 2.3E+08 3.6E+07 3.2E+07 
PTLp6b 1.1E+08 9.7E+07 8.6E+07 8.1E+07 9.9E+07 5.5E+07 2.0E+07 1.9E+07 2.4E+06 2.3E+06 
VIS1 2.6E+10 6.7E+09 2.2E+10 7.2E+09 2.1E+10 4.8E+09 8.6E+09 4.2E+09 3.3E+09 1.6E+09 
VIS2-3 4.0E+10 1.7E+10 3.6E+10 1.1E+10 3.1E+10 7.7E+09 1.5E+10 7.4E+09 4.0E+09 2.7E+09 
VIS4 1.4E+10 5.7E+09 1.2E+10 4.2E+09 1.1E+10 2.7E+09 4.4E+09 2.7E+09 8.8E+08 6.5E+08 
VIS5 2.9E+10 8.4E+09 2.4E+10 8.8E+09 2.0E+10 6.7E+09 7.6E+09 4.8E+09 1.1E+09 1.0E+09 
VIS6a 1.2E+10 3.4E+09 9.6E+09 4.8E+09 7.8E+09 2.2E+09 2.5E+09 1.9E+09 2.2E+08 2.3E+08 
VIS6b 1.4E+09 7.6E+08 1.1E+09 7.2E+08 9.9E+08 4.5E+08 3.2E+08 3.2E+08 2.4E+07 2.6E+07 
RSPd1 1.4E+09 6.1E+08 1.2E+09 5.1E+08 1.2E+09 2.1E+08 4.4E+08 2.9E+08 8.0E+07 6.0E+07 
RSPd2-3 3.4E+09 1.5E+09 3.2E+09 1.7E+09 3.2E+09 1.0E+09 1.0E+09 6.6E+08 1.7E+08 1.5E+08 
RSPd5 7.8E+08 3.4E+08 5.2E+08 3.1E+08 6.6E+08 2.1E+08 1.7E+08 1.1E+08 2.1E+07 2.5E+07 
RSPv1 2.1E+09 8.9E+08 1.7E+09 1.4E+09 1.8E+09 7.9E+08 6.4E+08 5.6E+08 7.4E+07 6.8E+07 
RSPv2-3 1.2E+09 5.5E+08 8.6E+08 5.5E+08 8.9E+08 2.7E+08 2.3E+08 2.4E+08 2.0E+07 1.7E+07 
RSPv5 2.4E+09 1.2E+09 1.5E+09 7.2E+08 2.0E+09 9.3E+08 4.7E+08 4.2E+08 5.8E+07 4.9E+07 
RSPv6a 2.1E+09 1.1E+09 1.2E+09 6.8E+08 1.3E+09 5.5E+08 3.1E+08 2.9E+08 2.9E+07 3.3E+07 
MOBgl 5.7E+09 4.7E+09 2.1E+09 1.5E+09 8.5E+08 3.2E+08 6.2E+07 3.8E+07 1.2E+07 9.6E+06 
MOBopl 1.6E+10 1.3E+10 8.3E+09 5.5E+09 5.9E+09 2.2E+09 1.4E+08 1.1E+08 1.1E+07 7.0E+06 
MOBmi 1.5E+09 1.1E+09 7.5E+08 4.8E+08 5.0E+08 2.3E+08 2.0E+07 1.9E+07 4.7E+06 3.6E+06 
MOBipl 2.1E+09 1.5E+09 1.0E+09 4.9E+08 7.9E+08 4.4E+08 2.5E+07 2.4E+07 2.0E+06 1.6E+06 
MOBgr 5.3E+09 2.6E+09 3.0E+09 2.5E+09 3.7E+09 3.8E+09 9.1E+07 1.6E+08 1.8E+07 1.7E+07 
AON1 2.5E+10 1.4E+10 1.5E+10 9.4E+09 1.5E+10 5.1E+09 4.7E+09 3.7E+09 4.8E+08 4.9E+08 
AON2 1.7E+10 9.4E+09 9.5E+09 6.9E+09 1.0E+10 6.3E+09 1.9E+09 1.7E+09 2.6E+08 3.4E+08 
PIR1 6.6E+09 4.2E+09 5.4E+09 3.7E+09 3.8E+09 1.5E+09 9.5E+08 6.2E+08 7.2E+07 7.6E+07 
PIR2 4.1E+09 2.6E+09 3.0E+09 1.7E+09 2.1E+09 8.6E+08 3.9E+08 2.8E+08 3.2E+07 3.9E+07 
PIR3 2.8E+09 1.8E+09 2.0E+09 1.1E+09 1.4E+09 5.7E+08 3.3E+08 2.4E+08 1.7E+07 2.0E+07 
CA1so 1.2E+10 5.1E+09 9.1E+09 4.9E+09 9.6E+09 2.1E+09 2.7E+09 2.0E+09 3.5E+08 2.8E+08 
CA1sp 1.8E+09 8.9E+08 1.3E+09 7.6E+08 1.2E+09 4.3E+08 3.7E+08 2.7E+08 4.5E+07 4.2E+07 
CA1sr 2.0E+10 8.5E+09 1.6E+10 7.3E+09 1.7E+10 4.7E+09 5.5E+09 3.5E+09 9.9E+08 7.2E+08 
CA1slm 7.9E+09 3.7E+09 6.9E+09 3.0E+09 6.6E+09 1.5E+09 2.0E+09 1.6E+09 2.5E+08 2.7E+08 
CA2so 5.9E+08 3.8E+08 2.5E+08 2.5E+08 1.3E+08 6.7E+07 1.2E+07 1.2E+07 5.5E+05 7.4E+05 
CA2sp 7.7E+07 6.2E+07 3.0E+07 2.9E+07 2.0E+07 8.9E+06 3.9E+06 4.2E+06 1.1E+06 1.2E+06 
CA2sr 6.5E+08 4.3E+08 2.8E+08 2.5E+08 1.7E+08 8.3E+07 3.2E+07 3.5E+07 1.0E+06 1.3E+06 
CA2slm 9.0E+08 6.2E+08 3.8E+08 3.4E+08 2.4E+08 1.7E+08 1.3E+07 1.5E+07 2.6E+05 3.6E+05 
CA3so 1.7E+09 1.0E+09 1.2E+09 9.2E+08 8.4E+08 2.7E+08 1.3E+08 1.2E+08 1.4E+06 2.4E+06 
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CA3sp 1.1E+09 7.1E+08 6.5E+08 3.9E+08 4.9E+08 2.2E+08 6.1E+07 6.5E+07 7.7E+06 8.9E+06 
CA3sr 2.1E+09 1.1E+09 1.8E+09 1.2E+09 1.3E+09 4.1E+08 2.1E+08 2.1E+08 4.6E+06 6.7E+06 
CA3slm 4.2E+08 2.4E+08 3.2E+08 2.6E+08 2.0E+08 6.6E+07 3.3E+07 3.8E+07 1.3E+06 1.7E+06 
DG-mo 2.1E+10 1.1E+10 1.4E+10 8.5E+09 1.1E+10 3.4E+09 1.4E+09 1.1E+09 6.2E+07 6.8E+07 
DG-po 1.1E+09 5.8E+08 7.9E+08 4.1E+08 6.0E+08 1.9E+08 8.8E+07 8.4E+07 3.8E+06 3.8E+06 
DG-sg 1.0E+09 6.5E+08 5.9E+08 4.4E+08 4.2E+08 2.1E+08 4.4E+07 3.9E+07 2.4E+06 2.7E+06 
SUB 1.2E+10 4.4E+09 9.7E+09 3.1E+09 8.3E+09 1.3E+09 3.7E+09 2.0E+09 1.1E+09 6.5E+08 
CLA 5.1E+09 2.5E+09 4.8E+09 2.0E+09 3.7E+09 1.2E+09 9.1E+08 6.5E+08 1.4E+08 1.5E+08 
EPd 5.0E+09 2.8E+09 3.9E+09 2.4E+09 3.1E+09 9.9E+08 8.2E+08 5.4E+08 3.1E+07 3.1E+07 
CP 1.3E+11 5.8E+10 1.0E+11 4.6E+10 9.0E+10 1.2E+10 2.7E+10 1.7E+10 3.6E+09 2.9E+09 
ACB 6.2E+10 3.3E+10 5.1E+10 2.3E+10 3.6E+10 1.0E+10 1.3E+10 9.4E+09 2.2E+09 1.4E+09 
FS 2.7E+08 1.9E+08 3.4E+08 3.6E+08 4.0E+08 2.8E+08 8.1E+07 7.5E+07 2.4E+07 2.9E+07 
OT1 7.8E+09 5.9E+09 8.0E+09 2.8E+09 5.0E+09 1.4E+09 1.4E+09 8.9E+08 1.4E+08 1.5E+08 
OT2 5.5E+09 2.9E+09 4.7E+09 2.0E+09 2.9E+09 7.9E+08 8.7E+08 5.2E+08 4.4E+07 4.1E+07 
OT3 6.6E+09 3.7E+09 6.2E+09 2.7E+09 4.5E+09 1.5E+09 1.2E+09 6.4E+08 7.7E+07 7.8E+07 
GPi 7.3E+08 4.3E+08 6.1E+08 3.9E+08 5.4E+08 2.9E+08 1.5E+08 1.6E+08 2.5E+07 3.5E+07 
SI 6.0E+09 3.8E+09 5.2E+09 3.8E+09 4.0E+09 2.0E+09 1.6E+09 1.3E+09 1.7E+08 1.5E+08 
MA 1.2E+09 7.3E+08 1.0E+09 8.7E+08 5.1E+08 3.1E+08 1.6E+08 1.4E+08 6.4E+06 6.2E+06 
LD 4.9E+09 3.5E+09 2.9E+09 2.0E+09 2.7E+09 1.7E+09 2.6E+08 2.7E+08 1.5E+07 1.5E+07 
LP 4.3E+09 2.8E+09 3.4E+09 2.2E+09 3.3E+09 1.6E+09 5.7E+08 4.9E+08 4.6E+07 4.6E+07 
PO 1.5E+10 9.8E+09 9.2E+09 7.9E+09 8.2E+09 4.4E+09 6.2E+08 6.6E+08 2.7E+07 2.6E+07 
RT 2.6E+09 1.6E+09 2.0E+09 1.3E+09 1.9E+09 9.2E+08 2.8E+08 2.9E+08 1.2E+07 1.5E+07 
VPL 5.1E+09 3.8E+09 3.0E+09 2.7E+09 2.3E+09 1.4E+09 1.5E+08 1.6E+08 1.6E+07 1.9E+07 
VPM 1.1E+10 7.1E+09 6.7E+09 6.5E+09 4.2E+09 3.1E+09 1.5E+08 2.0E+08 2.7E+07 3.6E+07 
SPFp 1.8E+09 8.8E+08 1.4E+09 8.1E+08 1.0E+09 4.0E+08 2.6E+08 2.1E+08 2.4E+07 2.5E+07 
LHA 8.3E+09 4.1E+09 7.4E+09 5.1E+09 6.3E+09 2.4E+09 2.3E+09 1.9E+09 3.0E+08 3.4E+08 
STN 1.2E+09 8.2E+08 9.5E+08 7.5E+08 7.1E+08 5.4E+08 1.0E+08 1.0E+08 9.4E+06 1.1E+07 
ZI 3.9E+09 2.7E+09 3.0E+09 2.1E+09 3.0E+09 1.6E+09 7.3E+08 7.3E+08 6.3E+07 7.2E+07 
IC 2.0E+10 8.5E+09 1.2E+10 5.8E+09 1.2E+10 2.9E+09 2.6E+09 1.9E+09 2.7E+08 2.6E+08 
SCm 7.8E+09 4.5E+09 5.5E+09 3.1E+09 5.7E+09 2.2E+09 1.3E+09 9.8E+08 2.1E+08 1.8E+08 
SCs 8.5E+09 4.9E+09 5.5E+09 2.9E+09 6.7E+09 4.4E+09 1.1E+09 9.1E+08 2.3E+08 1.9E+08 
SNc 9.0E+08 4.4E+08 6.7E+08 4.3E+08 7.4E+08 2.9E+08 1.6E+08 1.4E+08 3.5E+07 4.1E+07 
SNr 3.2E+09 1.6E+09 2.6E+09 1.7E+09 2.2E+09 6.3E+08 9.8E+08 7.7E+08 2.1E+08 1.9E+08 
APN 1.8E+09 1.4E+09 1.1E+09 7.4E+08 1.5E+09 7.4E+08 1.4E+08 1.2E+08 1.2E+07 1.2E+07 
NOT 3.2E+08 1.8E+08 2.8E+08 1.4E+08 2.3E+08 1.3E+08 4.2E+07 4.0E+07 7.4E+06 7.7E+06 
PPN 7.3E+08 5.0E+08 4.4E+08 2.3E+08 5.0E+08 1.7E+08 1.1E+08 9.3E+07 9.3E+06 9.4E+06 
PPT 3.8E+08 2.0E+08 3.3E+08 2.1E+08 2.4E+08 9.7E+07 5.2E+07 4.5E+07 7.8E+06 6.2E+06 
RR 5.1E+08 2.6E+08 3.3E+08 2.3E+08 3.9E+08 1.3E+08 9.3E+07 6.7E+07 1.5E+07 1.5E+07 
MRN 9.6E+09 5.3E+09 7.2E+09 3.5E+09 6.4E+09 2.0E+09 1.8E+09 1.4E+09 3.0E+08 2.3E+08 
P 1.6E+10 9.1E+09 1.3E+10 7.9E+09 1.2E+10 3.8E+09 2.6E+09 2.4E+09 2.6E+08 2.5E+08 
MY 3.5E+10 1.5E+10 2.7E+10 1.5E+10 2.2E+10 6.1E+09 4.3E+09 4.0E+09 3.2E+08 2.9E+08 
IP 7.0E+08 3.4E+08 4.2E+08 3.0E+08 3.0E+08 1.0E+08 3.0E+07 2.1E+07 2.7E+06 2.7E+06 
ANcr2gr 1.1E+09 3.3E+08 9.0E+08 6.9E+08 7.6E+08 2.0E+08 1.1E+08 7.1E+07 1.5E+06 1.3E+06 
ANcr2mo 1.3E+09 4.9E+08 1.3E+09 1.1E+09 9.3E+08 2.6E+08 1.7E+08 1.7E+08 2.3E+06 2.2E+06 
CENT3gr 1.5E+09 9.9E+08 8.2E+08 5.7E+08 9.0E+08 6.0E+08 8.5E+07 9.8E+07 1.9E+06 2.0E+06 
CENT3mo 1.7E+09 8.4E+08 8.9E+08 4.3E+08 9.8E+08 3.7E+08 1.2E+08 1.0E+08 1.8E+06 1.8E+06 
CUL4,5gr 4.3E+09 2.2E+09 2.5E+09 1.1E+09 3.0E+09 1.0E+09 3.2E+08 3.0E+08 8.0E+06 6.9E+06 
CUL4,5mo 4.1E+09 1.9E+09 2.3E+09 9.4E+08 2.6E+09 7.2E+08 3.6E+08 3.1E+08 8.3E+06 7.2E+06 
SIMgr 4.4E+09 1.5E+09 3.6E+09 1.9E+09 3.1E+09 1.4E+08 7.4E+08 5.7E+08 1.0E+07 1.1E+07 
SIMmo 4.8E+09 1.2E+09 3.7E+09 2.2E+09 3.0E+09 2.4E+08 7.5E+08 6.0E+08 1.2E+07 1.5E+07 
PRMgr 2.1E+09 3.8E+08 1.4E+09 8.3E+08 1.3E+09 3.0E+08 2.0E+08 1.3E+08 4.0E+06 3.1E+06 
PRMmo 2.4E+09 1.0E+09 2.1E+09 1.3E+09 1.7E+09 2.8E+08 3.4E+08 3.3E+08 5.9E+06 4.8E+06 
COPYgr 3.9E+09 2.7E+09 2.5E+09 1.0E+09 2.6E+09 5.0E+08 4.4E+08 3.2E+08 8.2E+06 3.7E+06 
COPYmo 3.8E+09 2.3E+09 3.1E+09 1.5E+09 2.6E+09 6.0E+08 6.0E+08 8.5E+08 8.0E+06 8.5E+06 
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Appendix 5: Raw numbers for CA1 gradient analysis. Mean fraction of 

puncta remaining (+/- SD) at day 7 compared to day 0 in different parts of the 

CA1 apical and basal dendrites in 3-week, 3-month, and 18-month-old animals. 

Puncta density values (/100 µm2) provided. Mean (+/- SD) provided for day 0 

and day 7 measurements. 

 

 

  

Ratio of means  

= mean (Day7)/mean (Day0) 

3W 3M 18M 

 Abbreviation Subregion MEAN SD MEAN SD MEAN SD 
 CA1so_1 CA1so 0.0400 0.0575 0.4314 0.0916 0.4407 0.0486 
 CA1so_2 CA1so 0.0641 0.0911 0.5132 0.0576 0.5488 0.0605 
 CA1so_3 CA1so 0.0690 0.0981 0.5357 0.0740 0.5682 0.0724 
 CA1so_4 CA1so 0.0581 0.0827 0.4762 0.0877 0.5111 0.0843 
 CA1so_5 CA1so 0.0278 0.0397 0.3289 0.0905 0.3294 0.1018 
 CA1sr_1 CA1sr 0.0492 0.0700 0.4333 0.0664 0.4923 0.0614 
 CA1sr_2 CA1sr 0.0645 0.0917 0.4571 0.0862 0.5000 0.0696 
 CA1sr_3 CA1sr 0.0732 0.1040 0.4863 0.0917 0.5455 0.0560 
 CA1sr_4 CA1sr 0.0843 0.1197 0.5270 0.0802 0.5974 0.0723 
 CA1sr_5 CA1sr 0.0976 0.1384 0.5616 0.0885 0.6316 0.0716 
 CA1sr_6 CA1sr 0.1325 0.1373 0.5833 0.0859 0.6667 0.0544 
 CA1sr_7 CA1sr 0.1481 0.1580 0.6250 0.0883 0.7162 0.0622 
 CA1sr_8 CA1sr 0.1585 0.1734 0.6197 0.0722 0.7361 0.0577 
 CA1sr_9 CA1sr 0.1772 0.1720 0.6286 0.0611 0.7143 0.0657 
 CA1sr_10 CA1sr 0.1159 0.1352 0.5323 0.0509 0.5303 0.0955 
 CA1slm_1 CA1slm 0.0600 0.0857 0.3636 0.0858 0.4783 0.0851 
 CA1slm_2 CA1slm 0.1143 0.1623 0.5424 0.0874 0.6190 0.0814 
 CA1slm_3 CA1slm 0.1375 0.1947 0.6061 0.0961 0.6714 0.0812 
 CA1slm_4 CA1slm 0.1860 0.2392 0.6377 0.0773 0.7123 0.0857 
 CA1slm_5 CA1slm 0.1932 0.2497 0.6714 0.0487 0.6892 0.0744 
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 PSD95 puncta density (3W) PSD95 puncta density (3M) PSD95 puncta density (18M) 

 Day 0 Day 7 Day 0 Day 7 Day 0 Day 7 

area MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 
CA1so_1 57.6667 14.4972 2.3067 3.2621 58.8200 7.4745 25.3733 4.3154 68.0467 6.5242 29.9867 1.6311 
CA1so_2 89.9600 12.9461 5.7667 8.1553 87.6533 8.1553 44.9800 2.8251 94.5733 1.6311 51.9000 5.6502 
CA1so_3 100.3400 14.9489 6.9200 9.7864 96.8800 9.7864 51.9000 4.8932 101.4933 3.2621 57.6667 7.1096 
CA1so_4 99.1867 14.4972 5.7667 8.1553 96.8800 9.7864 46.1333 7.1096 103.8000 2.8251 53.0533 8.6308 
CA1so_5 83.0400 17.6426 2.3067 3.2621 87.6533 10.6956 28.8333 7.1096 98.0333 3.2621 32.2933 9.9213 
CA1sr_1 70.3533 10.6956 3.4600 4.8932 69.2000 7.4745 29.9867 3.2621 74.9667 3.2621 36.9067 4.3154 
CA1sr_2 89.3833 12.3412 5.7667 8.1553 80.7333 8.1553 36.9067 5.8809 85.3467 1.6311 42.6733 5.8809 
CA1sr_3 94.5733 13.3508 6.9200 9.7864 84.1933 10.6956 40.9433 5.7087 88.8067 1.6311 48.4400 4.8932 
CA1sr_4 95.7267 11.7617 8.0733 11.4174 85.3467 9.0814 44.9800 4.8932 88.8067 4.3154 53.0533 5.8809 
CA1sr_5 94.5733 10.6956 9.2267 13.0485 84.1933 8.1553 47.2867 5.8809 87.6533 4.3154 55.3600 5.6502 
CA1sr_6 95.7267 11.7617 12.6867 13.0485 83.0400 7.4745 48.4400 5.6502 86.5000 2.8251 57.6667 4.3154 
CA1sr_7 93.4200 10.1860 13.8400 14.6795 83.0400 7.4745 51.9000 5.6502 85.3467 4.3154 61.1267 4.3154 
CA1sr_8 94.5733 10.6956 14.9933 16.3106 81.8867 6.5242 50.7467 4.3154 83.0400 2.8251 61.1267 4.3154 
CA1sr_9 91.1133 10.6956 16.1467 15.5593 80.7333 5.8809 50.7467 3.2621 80.7333 4.3154 57.6667 4.3154 
CA1sr_10 79.5800 9.7864 9.2267 10.6956 71.5067 4.3154 38.0600 2.8251 76.1200 2.8251 40.3667 7.1096 
CA1slm_1 57.6667 11.4174 3.4600 4.8932 50.7467 1.6311 18.4533 4.3154 53.0533 6.5242 25.3733 3.2621 
CA1slm_2 80.7333 10.6956 9.2267 13.0485 68.0467 1.6311 36.9067 5.8809 72.6600 2.8251 44.9800 5.6502 
CA1slm_3 92.2667 6.5242 12.6867 17.9417 76.1200 2.8251 46.1333 7.1096 80.7333 4.3154 54.2067 5.8809 
CA1slm_4 99.1867 6.5242 18.4533 23.6925 79.5800 2.8251 50.7467 5.8809 84.1933 4.3154 59.9733 6.5242 
CA1slm_5 101.4933 5.8809 19.6067 25.3209 80.7333 3.2621 54.2067 3.2621 85.3467 5.8809 58.8200 4.8932 
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Appendix 6: Triple co-localisation of puncta in PSD95HaloTag/eGFP; 

SAP102mKO2/+ knock-in mice. 

 
Appendix. Figure 4: Representative images of fluorescence from SiR-Halo injected 
PSD95HaloTag/eGFP;SAP102mKO2 mouse. Composite image shows PSD95-HaloTag (in blue), PSD95-
eGFP (in green) and SAP102-mKO2 (in red). 

 

PSD95-eGFPSAP102-mKO2

PSD95-HaloComposite
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Appendix 7: PSD95 lifetime differs between synapse subtypes. 

 

Appendix. Figure 5: Percentage of SiR-Halo positive subtypes at day 7 compared to day 0 in 
different brain regions. The bars are ranked according to their associated PSD95 lifetimes. The bars 
are ranked according to their associated PSD95 lifetimes. Subtype ID is provided at the bottom. Colours 
correspond to synapse type (type 1: PSD95-only and type 3: PSD95 + SAP102).  
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Appendix 8: LPL synapse composition across brain subregions. 

 

Appendix. Figure 6: Percentage of LPL synapses in brain subergions. Dotted line indicates the 
average for whole brain (6.7%). 
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Appendix 9: Data for percentage of SiR-Halo positive subtypes remaining 7 days post-injection. Percentage of SiR-

Halo-positive subtypes remaining at day 7 compared to day 0 in 12 main brain areas and 110 brain subregions. Data presented 

for PSD95-positive subtypes (i.e. subtypes 1-11 and 19-37). 
 

Type 1 (PSD95-only) subtypes: main brain areas 

 

 

 

 

 

 

 

 

 

 

 % remaining at day 7 compared to day 0 
Abbreviation subtype1 subtype2 subtype3 subtype4 subtype5 subtype6 subtype7 subtype8 subtype9 subtype10 subtype11 
Isocortex 51.4389 99.5975 83.9671 65.6363 80.9840 41.6562 59.2636 40.9073 59.1278 69.3359 38.8619 

OLF 13.2030 76.0929 54.3190 25.4794 41.3070 9.6098 13.4577 9.8303 15.5942 28.3359 8.9538 
HPF 28.5115 88.4715 76.8545 55.4827 69.9111 22.6874 30.5979 25.3138 33.4456 51.0846 21.6521 

CTXsp 28.6938 78.8294 62.4935 37.5840 51.9274 22.1313 28.7164 16.0405 28.5462 43.1482 11.2676 
STR 35.5998 98.0859 78.7209 48.7417 76.3497 25.8484 41.9893 20.7888 38.9695 54.6488 17.0011 

PAL 37.3645 94.5488 73.0816 33.7144 50.8380 31.4628 41.9386 20.0805 35.2475 42.9462 11.1774 

TH 6.5772 93.2668 71.3643 16.7080 44.6427 4.7175 7.4917 3.5700 6.4972 20.8924 2.9367 
HY 33.3027 90.5727 74.1698 34.3170 53.4355 27.5972 39.0448 17.8632 33.4364 43.7713 13.4564 

MB 37.0789 91.9866 68.5715 36.1535 51.9262 30.9608 39.7741 20.3649 35.1792 44.3257 14.5139 
P 27.6264 95.5530 75.4458 31.5148 51.7333 22.2672 31.4827 14.8019 26.6871 38.8823 10.8604 

MY 21.5714 97.8596 73.3158 27.4394 46.8258 17.7105 26.3928 10.8154 20.7853 32.6362 9.0202 
CB 14.0129 53.8349 26.8427 18.4966 20.5240 11.4994 11.4790 8.1456 10.2743 15.5527 4.8609 

whole brain 30.7165 96.7573 77.2253 51.6097 72.8028 23.3667 36.2556 24.2085 37.6962 55.7335 25.2535 
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Type 3 (PSD95 + SAP102) subtypes: main brain areas 

 % remaining at day 7 compared to day 0 
Abbreviati

on 
subtype

19 
subtype

20 
subtype

21 
subtype

22 
subtype

23 
subtype

24 
subtype

25 
subtype

26 
subtype

27 
subtype

28 
subtype

29 
subtype

30 
subtype

31 
subtype

32 
subtype

33 
subtype

34 
subtype

35 
subtype

36 
subtype

37 
Isocortex 52.2269 63.9014 53.5071 55.2957 55.1456 52.4949 47.7355 52.0690 59.5317 42.9647 38.5103 57.9339 42.3450 62.0341 55.9038 88.3248 77.0784 51.9059 56.4640 
OLF 12.3816 43.9088 19.9057 19.1444 18.4267 19.0968 13.3240 16.6728 26.6755 15.3353 13.3448 21.6283 14.1775 23.1292 18.9149 75.2798 56.0234 21.4243 20.7812 

HPF 30.0088 66.3685 37.9810 32.0340 34.1385 37.3125 25.8377 34.8344 33.3882 25.8931 26.9719 33.8320 25.0728 35.4576 32.2436 86.7367 76.8572 36.8221 39.2089 

CTXsp 28.6806 45.1494 28.5714 33.0318 27.1972 25.6704 19.8600 30.3488 35.8588 18.6024 18.5918 30.0983 26.9161 33.2377 28.6489 71.7581 58.3703 27.7249 29.7946 
STR 31.3672 60.3195 35.1720 41.1809 35.7416 32.2330 24.1811 35.9434 42.9628 24.0790 24.3092 38.1447 36.0401 37.4213 32.6870 82.9472 71.3675 34.6610 38.2549 

PAL 32.1140 52.0532 27.2774 36.6180 30.5720 24.2351 27.1917 30.3122 41.4182 18.4806 20.1750 34.0412 29.0899 47.6434 30.1546 84.9453 53.8857 26.0906 29.4390 
TH 9.8595 41.9136 9.3097 11.9362 7.9146 8.3102 5.0941 9.4711 41.1682 5.1719 5.9972 10.1985 11.7985 10.9733 6.8568 87.9301 56.5027 8.0696 8.9096 

HY 32.6046 50.7655 25.9926 33.2145 27.9796 23.2109 23.6281 30.3096 39.4483 18.0334 18.7358 33.0269 24.5904 49.4142 29.7349 82.4135 54.2646 26.3380 29.9182 
MB 26.8515 47.9142 29.3206 35.3900 30.7443 25.3890 25.5429 35.0996 38.2378 21.3238 22.9428 34.8088 31.2976 55.3034 31.3850 77.5328 56.2775 30.7127 31.6840 

P 11.6545 45.4517 21.8149 27.2760 23.0731 19.1856 17.7897 28.6431 31.0353 15.5014 17.6663 27.8528 22.5407 59.8043 26.1678 81.5698 52.9168 25.0468 25.1069 
MY 22.6121 44.6151 19.4789 24.1059 18.8663 16.9296 15.2038 23.1269 29.6104 12.7578 14.3363 22.6608 20.2604 56.0054 21.1542 81.7741 54.5081 20.9064 21.2128 

CB 14.0603 20.4509 14.4268 13.7823 14.2899 13.5763 11.0068 14.8548 17.4748 10.0974 10.7772 12.0727 8.9396 36.3484 11.8092 67.5956 25.9533 14.6941 13.5766 
wholebrain 32.4175 59.5570 38.3517 36.6414 37.8073 37.2119 28.6295 36.8176 37.9255 27.2009 26.4874 40.8691 28.6170 41.9455 37.1877 85.5575 73.6713 39.6210 40.4174 
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Type 1 (PSD95-only) subtypes: subregions 

 % remaining at day 7compared to day 0 
Abbreviation subtype1 subtype2 subtype3 subtype4 subtype5 subtype6 subtype7 subtype8 subtype9 subtype10 subtype11 
ORB1 83.2301 109.7985 98.4620 85.8957 102.2128 71.6211 89.1007 62.0651 84.6706 90.3223 56.5585 

ORB2-3 61.1892 96.6050 84.5725 69.5175 82.2138 51.9636 69.3155 46.1178 65.6832 72.2231 40.9790 
ORB5 51.4235 91.1082 77.8905 58.8974 72.3309 42.2719 55.4907 34.2094 52.6017 62.6725 27.7864 

ORB6a 44.1054 90.2425 74.0018 51.7050 65.3741 34.1710 48.1080 26.3900 42.7912 56.2587 20.2786 
ORB6b 36.7551 91.6079 63.0381 39.9582 58.0085 28.5821 41.0098 18.0546 34.0177 47.9809 13.4614 

FRP1 94.1133 116.6963 109.4422 91.8139 109.2814 77.8742 89.2704 65.7164 87.0032 96.6148 53.0049 
FRP2-3 70.4038 98.0136 91.7174 76.5103 90.6890 61.2358 78.5220 52.6512 69.9603 77.8832 48.4899 

MO1 78.0917 113.0024 102.7795 90.2711 104.4486 70.2709 85.5525 69.7368 87.2560 91.2990 65.9206 
MO2-3 64.5286 102.8144 91.4428 76.9828 90.2518 55.3502 72.6380 53.5799 72.4939 78.9631 49.9381 

MO5 56.5535 98.4737 83.6484 65.0241 78.3198 46.7244 62.0334 39.0102 58.8093 68.6521 33.6805 

MO6a 42.3717 89.5290 68.7064 49.0815 60.8034 32.9911 43.5976 24.8389 39.6976 52.7514 18.9295 
MO6b 30.4841 83.7135 54.2294 34.9502 47.8517 23.3370 27.0149 15.7987 26.6214 38.7691 11.3126 

SS1 71.7726 112.8158 97.9824 85.8842 100.0294 66.1019 80.9048 65.6917 84.1038 85.9682 61.5199 
SS2-3 63.3810 96.3970 88.1964 75.2841 86.5012 54.9679 73.6193 53.3831 71.1838 76.0503 47.7180 

SS4 46.4172 89.2885 74.2100 57.2124 68.5842 38.9642 54.3646 35.5692 51.4826 58.5286 28.5251 
SS5 47.4821 92.0005 74.5625 56.5600 67.5929 39.5898 50.0770 33.0327 49.0297 59.2624 26.5324 

SS6a 38.1124 86.7946 63.8249 46.0610 56.9620 29.5092 38.1000 23.2570 36.3129 49.5783 16.8418 
SS6b 26.4493 87.2219 60.0122 31.9207 44.9398 20.5056 24.3123 13.4460 21.9842 37.2789 7.4843 

PTLp1 63.3438 102.5365 97.3299 81.8714 93.9614 58.2095 78.8967 60.0584 75.2407 80.4732 53.4267 
PTLp2-3 58.0921 95.4045 81.7410 72.6722 81.8460 50.6133 66.2104 51.0629 66.7857 70.2914 47.2668 

PTLp4 55.0250 92.8023 77.0028 62.9523 74.8402 46.1086 56.8595 41.2403 58.0889 63.5065 32.8669 
PTLp5 52.2516 88.7169 72.7954 58.2079 68.6302 42.9095 51.9988 35.8931 50.8634 58.9865 28.2063 

PTLp6a 36.3674 84.9704 62.4476 46.9232 58.3360 29.2241 38.8890 24.0720 34.7364 48.3880 18.0993 

PTLp6b 30.0633 103.8801 60.6965 35.2669 48.9604 22.6301 22.2192 16.8809 24.5958 34.1245 30.3388 
VIS1 69.9196 102.0593 91.2463 78.5475 92.2318 61.4781 74.7657 54.9845 73.3275 79.9044 49.4500 

VIS2-3 63.6558 98.5069 85.7284 71.9084 82.9648 55.6786 70.9528 49.9917 67.8344 73.2113 43.2533 
VIS4 52.7908 96.4879 78.4719 61.2177 73.2332 46.9306 62.4215 39.1845 56.6486 62.3253 33.1056 

VIS5 50.8534 92.7374 76.3322 57.3552 68.8170 43.8845 54.7506 34.2708 51.6321 60.3923 26.8938 
VIS6a 36.3915 85.8852 64.6474 44.9668 56.6797 28.9877 35.6863 22.1872 33.7134 47.1462 15.7238 

VIS6b 29.0902 85.6710 60.7102 34.2073 47.7373 21.1892 26.9736 14.7846 24.3751 41.2816 11.1378 
RSPd1 52.6564 89.5186 80.5692 58.3599 77.8830 39.1559 63.5280 34.6267 54.9004 66.3892 28.0873 

RSPd2-3 40.9402 95.2736 72.3867 52.0513 67.1275 33.8702 44.4045 29.5808 45.1699 55.1655 22.4772 
RSPd5 38.5724 93.5666 63.7973 47.3800 58.8357 27.7637 34.0440 22.9349 39.4406 49.0327 14.7491 

RSPv1 50.1864 82.8674 72.1849 54.2506 70.5073 41.8494 48.6284 29.2588 48.3201 61.0292 22.3076 
RSPv2-3 33.3340 87.4579 57.9402 40.4435 56.3577 26.4432 26.7938 18.1216 32.0922 46.1359 11.8571 

RSPv5 44.4008 96.1547 71.7356 48.9030 63.8786 33.4080 47.3960 24.1843 41.2028 54.4177 17.9657 

RSPv6a 36.5426 101.8875 67.3926 41.2091 55.9834 29.3124 41.0722 19.3019 33.5862 46.5789 12.5736 
MOBgl 0.9903 76.4262 28.5322 2.9530 10.4518 0.6046 1.7457 0.3820 1.0264 2.6537 0.2283 
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MOBopl 1.5872 60.2314 19.2635 3.0992 7.4922 1.1570 2.1716 0.7408 1.6549 3.8717 0.6907 

MOBmi 2.8073 73.9320 33.0399 5.3569 13.6506 1.7513 3.9287 1.2179 3.0136 6.8317 0.3388 
MOBipl 2.7849 41.7033 12.8024 4.1635 8.3080 1.9675 2.4588 1.4128 2.9560 4.4958 0.4066 

MOBgr 3.3379 55.1186 19.5793 6.0096 10.7172 2.5420 3.4571 1.6426 3.1840 6.3590 1.2816 
AON1 35.5526 84.3160 71.5768 47.0895 62.1327 25.9038 34.8779 20.4185 33.2410 48.4374 14.0003 

AON2 28.6462 78.3695 64.4387 37.9700 53.5190 21.4976 31.6479 16.5104 28.7761 39.7467 13.5864 
PIR1 27.4805 60.6138 58.8950 32.4985 44.7256 21.0645 29.0662 13.2453 26.3501 38.4031 9.8615 

PIR2 15.0539 69.5692 48.1972 20.7829 32.6349 10.1270 16.9220 6.9749 15.4500 25.5687 5.0844 

PIR3 31.1286 93.6518 60.5380 34.4744 49.2536 22.5177 30.5042 14.5631 28.4166 40.3384 11.4668 
CA1so 38.9583 89.4151 79.5916 60.7863 69.5896 32.6991 40.8469 33.6157 42.3375 55.4805 26.4840 

CA1sp 24.0895 93.7390 88.1112 52.3302 72.1403 18.5070 25.2936 19.6606 28.2976 48.3733 19.6907 
CA1sr 45.2843 95.9776 86.4686 69.4066 80.5439 40.2594 51.8050 42.5707 53.5878 65.0230 36.5516 

CA1slm 43.7798 84.1737 83.4638 59.6494 68.4442 37.6117 48.2659 36.7246 49.4665 61.8147 31.0609 
CA2so 6.5332 89.6096 61.8398 22.8749 35.3530 4.3642 7.1522 3.8174 5.5912 18.9752 2.6960 

CA2sp 7.0222 95.0062 92.6114 40.4889 86.6158 4.1291 8.4354 4.3517 5.3575 34.4587 0.0000 
CA2sr 10.0666 51.2122 50.4833 33.3545 47.1787 7.4774 6.4776 6.5871 10.6396 23.8148 5.1609 

CA2slm 3.5030 111.4170 73.7925 12.6775 31.3478 1.7863 5.0277 1.7632 3.5203 12.1505 0.6358 
CA3so 18.5091 58.1400 61.8665 34.0924 40.9891 14.1256 16.2689 9.7842 17.0783 35.2279 4.8757 

CA3sp 9.9141 78.5037 50.3539 21.4865 36.8654 7.8272 9.4352 6.9893 10.3138 18.9578 4.0899 
CA3sr 18.6267 58.0797 53.9170 39.7385 48.1649 14.7603 14.6633 13.4799 20.2348 37.5170 11.1235 

CA3slm 16.4454 94.0231 90.2435 36.4766 59.0919 11.4608 8.9557 7.5763 14.7676 44.8836 6.2143 

DG-mo 13.5697 67.7996 56.0066 33.2699 42.8541 9.8741 13.8811 10.9898 16.8276 28.0898 7.0159 
DG-po 20.2777 56.8597 48.3317 34.9448 43.7282 18.0692 17.1964 14.6730 19.1308 32.1711 10.9040 

DG-sg 10.0001 109.7307 68.7247 26.0751 56.1537 5.7106 11.6281 4.1417 9.5594 22.0797 4.1167 
SUB 56.0602 102.9985 86.8157 68.6155 87.6948 48.2493 65.0418 43.0031 58.9672 71.5554 41.4683 

CLA 34.2346 83.5061 67.5690 43.8500 57.9803 26.4892 33.7335 19.7668 33.1954 48.7176 13.2315 
EPd 26.3664 78.5141 58.1325 32.5227 46.8530 20.3493 27.8143 13.0753 25.7716 38.5922 9.2289 

CP 40.6669 103.8544 83.3181 54.0236 83.7560 29.6391 47.5797 23.4567 43.7171 61.4721 18.8054 
ACB 29.1824 94.9393 75.7922 44.1948 71.3322 21.3144 37.2380 17.5953 33.9774 49.0989 14.9062 

FS 42.9709 93.7202 74.6613 44.7286 70.8165 36.9882 51.2179 21.8598 39.3528 55.0634 19.0655 
OT1 33.9564 84.2315 67.8432 42.5262 60.4518 23.6617 39.2482 19.6357 38.8366 47.9656 16.0399 

OT2 19.2874 78.7531 61.6697 29.1051 51.7226 12.7025 28.0397 10.5737 23.6159 32.9222 10.6395 
OT3 23.1245 82.5074 65.6704 31.8932 55.7031 15.9175 31.5541 11.5669 26.5602 38.5440 10.0665 

GPi 43.7693 134.4427 99.1400 40.2631 67.2548 39.2145 50.1682 24.8228 41.3500 48.2455 16.0087 

SI 40.3610 93.6326 73.6528 36.3552 53.3420 33.8470 46.2926 21.7622 37.8665 46.9177 11.4635 
MA 21.3818 76.8382 63.3648 22.3799 37.7483 16.0452 22.8055 10.2346 21.3837 29.0115 9.6866 

LD 9.6931 83.9710 66.0904 18.3528 38.4547 7.4869 10.3433 6.0876 9.6670 20.7013 4.9988 
LP 15.0288 93.7502 73.3875 25.8441 51.0760 11.7118 17.8713 8.3692 14.7922 30.7744 6.0577 

PO 4.9953 92.9735 73.1631 12.5434 40.9493 3.5464 5.6319 3.0108 5.0293 17.2446 3.0295 
RT 18.0697 100.1610 67.0333 21.0666 37.1852 14.2107 18.6336 8.9953 19.3096 26.9493 4.0017 

VPL 2.7405 95.4863 78.3708 9.7327 44.8005 1.9047 3.2394 1.3994 2.6480 12.7532 1.1353 
VPM 1.8010 92.6663 62.2324 8.0240 41.8929 1.2020 2.1327 1.1856 1.9584 10.7804 1.1807 

SPFp 28.6415 94.0923 62.5972 33.3115 57.7136 23.5816 26.5239 16.1099 29.3860 44.8433 10.7218 
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LHA 36.4781 87.4066 72.5510 36.3357 54.1669 30.1122 41.8268 19.5731 36.3029 46.1792 14.6678 

STN 28.0090 97.6121 76.1013 31.0183 54.0865 22.9356 35.7035 15.1369 28.9435 41.4897 10.4509 
ZI 26.5889 89.6953 62.4024 29.3206 47.7983 21.9746 28.0073 14.0949 27.0466 37.8857 9.4738 

IC 27.0593 80.9861 57.9362 29.0655 41.9785 21.8676 29.8455 14.4133 26.6919 36.4023 12.0733 
SCm 43.6820 103.2234 75.0884 40.2711 59.0844 35.9787 45.2280 23.8439 41.0746 50.2450 14.6673 

SCs 39.6959 86.1328 69.9406 38.2996 54.6082 32.0639 42.0435 20.3686 37.0784 46.6082 14.7017 
SNc 36.0788 82.8197 83.0859 36.8192 55.9002 30.5709 39.4314 20.6113 34.7839 45.2655 10.9128 

SNr 46.2205 94.8854 85.5034 45.9056 60.4403 41.2602 52.9182 28.4203 43.6172 54.8125 24.1920 

APN 25.8327 102.7870 52.8270 28.3324 46.7858 19.6945 26.3850 14.1094 26.8884 36.9460 16.7156 
NOT 25.7879 78.5183 54.2473 29.7130 45.5139 22.2249 28.9967 13.5755 26.6336 38.9084 4.9654 

PPN 33.0924 96.0165 98.4076 36.0520 57.6652 29.1866 39.6711 20.0205 33.6532 46.0665 11.1592 
PPT 29.8174 75.4911 72.8866 32.9914 47.5246 25.0773 34.0947 16.0712 27.9764 38.6025 21.9343 

RR 39.3292 110.1234 76.9607 37.4764 56.5920 31.8763 44.6346 22.9772 37.6230 46.5083 13.7222 
MRN 44.3231 100.2583 81.3082 42.2295 63.1409 37.3826 47.1564 25.5639 41.8285 51.4761 17.6096 

P 27.6264 95.5530 75.4458 31.5148 51.7333 22.2672 31.4827 14.8019 26.6871 38.8823 10.8604 
MY 21.5714 97.8596 73.3158 27.4394 46.8258 17.7105 26.3928 10.8154 20.7853 32.6362 9.0202 

IP 3.1249 106.0044 72.3278 10.6105 38.9749 1.8436 4.3738 1.2467 3.3252 13.7064 2.5901 
ANcr2gr 6.4632 29.9044 19.0754 14.4016 16.5920 5.2686 6.2351 6.8339 6.8066 11.0245 4.9854 

ANcr2mo 20.5722 47.1064 35.7091 25.4418 26.5828 16.6014 19.2820 11.4332 16.1563 22.8575 6.1305 
CENT3gr 6.4924 70.8478 17.9283 11.1222 15.1777 5.0971 6.1209 4.6770 6.0468 8.6360 2.4563 

CENT3mo 16.7957 74.2892 33.3475 22.4579 27.0229 13.7907 12.4650 10.0164 12.3282 22.9043 5.3790 

CUL4,5gr 6.3040 59.7733 18.9243 13.0472 16.2406 4.8316 5.4396 5.9181 6.9109 10.4043 3.7148 
CUL4,5mo 17.7887 77.4896 37.1450 23.7167 27.9332 14.6063 14.1577 10.3638 13.2488 22.9669 6.4931 

SIMgr 7.7967 49.2183 22.6375 16.2139 19.1184 6.0521 6.6091 7.7344 8.5221 12.8704 5.4530 
SIMmo 21.4503 66.4381 38.6648 26.7807 30.1589 17.3882 15.8877 11.7228 15.7918 25.1238 6.9062 

PRMgr 5.3812 33.5498 16.5976 12.7721 14.9449 4.9248 4.8127 6.3929 6.3920 9.8960 3.5154 
PRMmo 20.6397 48.2020 36.6573 23.9393 25.3701 16.5249 17.8065 10.5799 15.3829 22.9391 5.8990 

COPYgr 5.8747 41.7190 16.5325 11.0603 14.5470 4.9198 4.9748 4.9284 5.5004 8.7599 3.3063 
COPYmo 17.8973 40.0534 34.5196 22.7652 26.4095 14.3434 15.1459 9.7053 13.9757 22.1181 6.5272 
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Type 3 (PSD95 + SAP102) subtypes: subregions 

 % remaining at day 7 compared to day 0 
Abbreviati

on 
subtype

19 
subtype

20 
subtype

21 
subtype

22 
subtype

23 
subtype

24 
subtype

25 
subtype

26 
subtype

27 
subtype

28 
subtype

29 
subtype

30 
subtype

31 
subtype

32 
subtype

33 
subtype

34 
subtype

35 
subtype

36 
subtype

37 
ORB1 66.1849 78.2314 68.8587 78.1916 73.4531 66.3031 67.1127 68.0227 75.0333 63.0485 57.5868 73.9776 75.3050 75.1986 73.2109 93.5917 86.3662 68.1054 71.3753 

ORB2-3 51.1245 67.6034 59.9320 63.9743 61.1151 57.0626 55.4705 57.2344 65.8604 50.6520 45.7052 64.3428 62.8797 64.7473 61.4988 88.5709 79.5903 57.5669 61.0978 

ORB5 46.5312 60.4367 50.4793 57.7335 51.1804 48.1234 42.2503 48.9585 56.2453 40.5745 36.1719 53.7042 44.7065 53.5376 52.3091 84.2922 74.5691 48.3173 52.1027 
ORB6a 39.5234 54.2991 42.5483 49.2831 42.2606 40.5144 33.9994 45.7952 47.4835 30.1502 29.8430 44.5412 39.3036 47.0842 43.1946 80.6190 70.2099 41.9711 43.0320 

ORB6b 21.6484 52.0530 32.9036 37.2337 30.6357 29.3025 21.1456 39.3810 36.7240 20.6299 21.9673 33.0772 34.6948 34.7444 27.2734 72.2824 67.5677 31.1944 33.0023 
FRP1 79.1063 83.4041 72.7367 74.1154 81.9365 76.9596 71.6093 70.8638 73.7751 64.9077 68.4497 76.3997 102.794 83.5302 73.9678 93.9898 89.3793 76.0923 74.8758 

FRP2-3 52.7980 72.4971 65.5646 75.8807 66.8765 62.9093 58.9403 67.3239 66.5336 59.7781 53.3201 69.5095 70.9345 73.4488 69.4860 94.4952 86.2187 66.6687 66.5000 
MO1 71.6037 83.0585 72.2405 71.4565 74.4366 71.3715 68.2411 65.1139 61.4216 68.2774 60.8692 75.4146 66.2457 77.5187 73.4604 93.8569 87.6478 72.3083 73.8821 

MO2-3 59.6685 73.5875 63.9406 67.3364 65.7226 62.2678 59.1496 60.0584 71.3028 56.5179 49.8706 67.2078 59.5640 70.1570 66.0925 90.2165 82.9055 62.2989 66.0072 
MO5 52.3651 65.4057 55.0695 61.0125 54.7022 53.0909 47.0020 54.5590 61.7638 44.2875 40.2842 57.2609 48.0270 56.6935 55.7778 87.6562 77.6239 52.8473 55.4765 

MO6a 40.2884 52.9001 40.8137 45.1275 39.7686 38.4709 31.0586 44.2089 44.0575 28.8704 28.6000 39.9150 36.4479 45.6770 40.2787 80.2070 67.6274 40.2204 40.9756 
MO6b 22.6045 42.5473 28.0733 33.0240 27.0039 26.3908 20.1068 33.3979 40.9309 19.2755 19.6439 26.5369 28.9519 33.8285 26.2168 76.3881 56.0148 27.1313 28.8662 

SS1 60.5344 76.3995 66.8562 71.2983 71.0120 66.7212 64.6392 59.7585 65.9445 61.3704 54.4932 70.1334 62.3558 74.6704 69.0801 92.0265 82.8727 64.3387 69.5972 
SS2-3 56.7797 68.0614 62.2141 65.2840 65.7149 61.5665 59.2484 55.6422 72.2482 53.5319 47.3287 65.9855 52.4503 69.4638 64.4242 87.3725 78.2629 59.0430 63.3414 

SS4 43.9414 58.3731 50.3060 53.8030 51.7309 49.4842 45.4453 48.4700 57.3885 41.3159 35.3583 53.6398 41.2482 58.4826 51.8915 84.3165 68.7766 46.6962 50.0440 

SS5 46.7558 58.8147 48.8601 50.7128 48.2414 47.2992 41.0548 46.9139 55.3778 38.2681 34.6857 50.5754 42.9106 52.4154 47.8569 82.8824 70.0698 45.6437 49.8491 
SS6a 42.9509 48.1335 38.5342 40.7951 37.5810 36.2962 29.4797 41.0457 38.6976 27.0612 26.6408 37.5259 31.6829 43.4230 37.3972 79.0973 63.9548 37.3264 37.7306 

SS6b 18.0116 36.7108 23.6517 26.1234 24.8578 23.1103 15.5431 33.6719 35.9151 15.2071 16.8306 24.1819 22.6644 30.6932 24.4228 79.6329 53.3581 23.5072 25.5554 
PTLp1 76.0578 73.5034 67.0686 67.7428 68.7598 61.5681 64.1611 59.8069 61.0859 59.8259 49.8416 67.1912 83.3870 72.6245 69.8989 94.6772 81.6038 64.0999 65.4221 

PTLp2-3 55.9765 66.9282 60.0283 59.2148 62.7121 58.4408 55.7588 58.0660 66.1170 51.9980 45.3635 63.4473 46.9399 68.6370 64.1563 88.8653 76.8600 57.0337 61.6680 
PTLp4 74.6959 57.3567 58.5194 60.6028 56.4534 56.3514 57.5483 56.1173 58.5205 44.6373 42.5204 57.6767 64.8737 62.6061 61.1044 82.1417 72.6976 51.7040 57.2549 

PTLp5 40.9978 56.1507 51.1686 52.4965 51.8404 49.6903 45.1268 50.5535 82.9547 39.1570 36.5141 51.9549 38.3891 55.5338 52.1099 85.7992 71.1688 47.9951 52.7220 
PTLp6a 30.3519 45.7140 36.2089 36.5517 35.9468 35.3357 27.8308 37.9140 38.1922 29.8999 26.2079 37.2220 30.6474 45.5656 36.6497 76.4725 62.6762 38.6511 37.8859 

PTLp6b 0.0000 36.3363 28.5290 27.4012 32.8291 25.3399 24.4388 40.3340 40.6647 20.0037 20.5975 31.1900 28.9937 39.1568 31.5694 82.7694 54.8052 28.8459 34.1891 
VIS1 58.7528 72.1330 61.3174 64.9944 62.8006 59.5136 56.5582 56.9508 56.9762 52.0651 46.9173 63.9889 63.8153 69.0437 64.0221 89.2390 80.3795 58.4386 63.3170 

VIS2-3 59.3134 65.6520 58.7378 64.4655 61.5148 56.7353 55.1382 56.6388 70.6140 50.5001 44.8665 62.4812 61.8570 66.2668 60.4588 86.8616 77.2015 55.3661 60.5451 
VIS4 49.9679 59.4698 51.2373 57.8078 52.9798 49.5996 46.2438 50.3732 64.0418 41.7377 37.6910 54.6532 49.9426 58.1647 53.8596 84.0877 71.9120 48.8077 52.9987 

VIS5 45.3813 55.3222 48.4824 55.3615 49.6687 46.3869 42.5862 48.7505 57.6422 37.6313 34.6012 50.1968 46.4647 52.4432 49.4949 81.4355 69.8867 45.7009 49.1594 

VIS6a 31.6548 44.0155 34.8739 37.9849 35.0283 32.6714 26.5891 38.1555 41.3699 24.9432 24.5770 35.4944 31.6467 44.6793 34.4990 79.7500 61.1068 34.7064 36.3071 
VIS6b 38.3204 38.6584 26.3180 30.4030 26.4123 23.5113 19.3839 34.8811 39.8455 14.7340 18.1263 25.0077 24.9369 35.6532 27.0534 76.1584 55.0456 26.3428 27.1794 

RSPd1 47.7503 53.4055 47.7088 51.1175 51.2995 43.7619 44.5531 50.3055 45.5399 37.5191 31.9035 52.7656 43.6288 64.0974 52.1587 85.8840 70.1495 44.2956 50.3338 
RSPd2-3 47.6569 52.3592 43.8733 45.2814 45.2863 44.2421 38.4454 45.6484 64.5840 29.4545 28.8627 45.2373 32.9747 58.5448 43.9657 81.5323 66.7021 39.2526 45.0353 

RSPd5 25.5433 44.4335 34.2152 39.9948 39.0966 35.8570 26.1224 37.7558 59.5801 24.7501 22.6923 40.5976 37.0362 48.0691 37.1525 82.9911 62.5691 36.2715 37.1031 
RSPv1 47.7239 52.3470 44.6363 47.1178 44.3537 39.4220 37.1492 52.4633 50.2456 28.9563 30.9715 47.6826 48.3268 50.6935 45.2435 76.4725 66.3802 38.3952 44.3944 

RSPv2-3 43.3763 41.2312 28.5364 31.0648 30.1165 28.6350 19.4286 30.5488 30.5600 15.3743 19.4904 29.6069 32.0781 41.6983 25.1780 66.5953 52.3849 24.6898 31.0212 
RSPv5 42.3603 47.0306 38.7595 44.4243 39.3830 34.7207 26.8665 45.1052 42.8709 23.1968 26.6937 40.8712 43.1021 46.4938 37.5856 77.4797 65.1741 33.2535 38.6923 

RSPv6a 25.9982 40.9017 29.5757 35.1342 29.1623 27.7873 23.9274 37.3250 32.1934 18.5351 20.5937 32.3250 33.1046 38.8731 31.3986 73.6038 59.1840 29.0995 29.8761 
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MOBgl 1.1952 11.3577 1.0856 2.6062 1.5117 0.7891 1.0920 0.7176 19.6642 0.3617 0.3297 3.3541 1.3952 9.3872 1.1468 88.2179 11.5792 0.7289 1.4954 

MOBopl 1.9057 9.7640 1.5023 2.0587 1.5158 1.7704 1.4903 1.5049 11.9638 0.9926 0.6988 2.5939 1.3626 4.7443 1.8505 66.4272 12.1448 1.2864 1.9582 
MOBmi 4.6007 10.8465 2.2715 2.8446 4.4179 3.1737 4.3892 2.0561 32.1349 0.8991 1.2949 7.8068 3.8028 24.5120 3.7340 94.4426 11.1493 1.9850 3.9352 

MOBipl 1.9075 9.6601 2.5336 2.9685 3.1937 2.3358 2.1150 1.9020 15.4365 2.2877 1.1598 5.2819 2.9803 13.3401 3.8578 53.9191 11.4068 2.1147 3.6537 
MOBgr 5.0752 9.8376 3.8265 5.1865 4.3902 4.1382 3.2212 4.4053 19.7231 2.0608 1.9266 6.6205 2.4423 20.2106 3.7790 69.6111 13.8755 3.7138 4.6048 

AON1 32.2796 56.2443 32.1635 37.2134 31.7699 30.5997 24.9102 30.2520 44.8703 22.4825 21.0305 32.3141 28.8596 40.2016 32.2483 81.4967 66.7540 30.7539 34.8660 
AON2 22.8100 46.2414 28.3915 32.4643 28.0999 27.6378 21.6238 25.7779 44.4294 21.2899 16.9611 30.1830 28.2675 35.3363 29.4778 78.1759 55.8700 25.9186 31.2358 

PIR1 18.7359 35.9112 22.8834 28.6447 23.8028 21.6824 19.6509 20.6688 33.4412 15.0925 13.5859 26.3813 26.9129 33.5435 25.0496 61.2469 44.0001 20.2340 23.5009 

PIR2 14.4551 27.7435 14.4968 15.9482 13.2168 13.1480 10.3326 13.3366 28.1569 8.4492 7.4604 19.0442 10.1209 21.6744 15.2370 60.2618 36.3116 12.5915 15.6190 
PIR3 35.1943 43.6572 27.0501 33.3316 25.0685 23.3128 19.5412 26.2648 43.4909 17.0221 16.1536 29.3580 27.0730 31.0720 26.4067 73.7482 53.4631 22.9752 27.7683 

CA1so 36.9830 71.1088 46.9126 44.2125 43.1595 45.9850 37.5141 42.3991 40.4917 37.7715 35.3337 41.6331 37.5393 48.6163 44.6158 86.8526 78.9202 46.8654 49.0284 
CA1sp 33.6087 73.5722 30.6729 26.2385 27.0067 28.0014 22.7354 28.0329 58.7603 23.5009 20.9342 27.6476 21.3814 45.2564 28.2850 91.3562 76.2311 31.4015 32.7609 

CA1sr 48.5017 74.5669 53.6962 49.8894 50.8508 52.2988 45.7744 48.5406 52.9355 46.4796 40.7051 51.8964 46.4798 58.7810 53.2085 84.0903 81.3011 53.6480 57.5104 
CA1slm 47.1541 72.7718 50.2038 51.6128 50.0548 50.4150 43.5749 50.8839 56.8583 38.0119 40.2665 50.4610 35.9547 52.8604 51.9535 79.8974 78.8315 49.1692 54.0073 

CA2so 15.0169 65.4317 8.0487 7.7710 4.7068 8.1862 2.6094 6.3534 5.8678 4.7859 5.7606 5.3114 9.0255 2.9349 4.0309 86.6525 42.9979 7.0059 6.4002 
CA2sp 30.8242 50.0000 11.1861 9.7033 5.9753 7.5874 6.8614 11.6810 39.9861 2.9180 7.1226 15.9512 10.0297 32.5624 5.5769 104.681 89.9058 12.6771 6.2326 

CA2sr 8.8019 38.7263 12.9337 12.6623 8.2338 15.3949 6.1080 10.4281 16.9406 9.3018 9.4398 9.0687 6.3501 6.8528 8.0527 58.1415 61.0044 15.1191 10.7073 
CA2slm 9.2901 53.5055 3.3923 4.8384 3.0094 4.1701 3.0040 5.7860 14.8375 2.3225 2.4585 3.7455 5.4023 5.2966 4.3667 49.6619 61.1494 3.9282 5.1976 

CA3so 12.4525 44.7264 18.1267 18.9907 13.9242 16.5181 7.3761 18.9420 17.0400 12.1221 11.2255 14.3096 21.7785 13.5800 12.5824 79.5874 52.1868 16.2893 18.2724 
CA3sp 8.4142 23.7557 9.9944 8.8469 8.9711 9.6530 7.2081 11.3137 22.2628 4.8449 5.9952 15.0347 5.3066 44.4846 9.1664 74.2944 36.8558 9.0570 11.6479 

CA3sr 20.9378 52.5383 22.2336 19.0600 19.4671 21.9706 12.0278 22.7548 17.6120 18.5708 15.5828 20.7244 17.5652 25.4315 19.5118 69.8525 63.1497 26.1958 24.9646 

CA3slm 0.0000 63.3306 13.7980 12.4370 12.0579 14.7236 8.1488 14.5575 17.9988 9.5682 8.8289 15.6464 17.7304 14.2516 13.9081 79.1027 70.1323 13.1445 16.5156 
DG-mo 14.6340 44.1097 16.7515 16.7705 14.6038 15.9902 10.0951 15.2825 25.3726 10.7213 10.3416 15.1217 12.0517 20.3548 15.2844 69.3846 52.7473 15.8463 18.6839 

DG-po 12.3563 48.6374 18.6430 16.2493 16.8667 15.8224 13.2558 16.7248 19.8613 15.4040 12.1067 18.8190 14.5270 34.2956 19.8443 71.4270 53.6363 19.4136 19.9444 
DG-sg 3.5450 53.8895 12.9559 21.5315 14.0704 8.8506 6.6287 12.5270 51.8971 6.5348 6.8172 15.5298 10.8373 40.9858 8.5747 96.4733 52.0277 9.2154 9.4361 

SUB 47.7309 69.1279 58.1419 52.9937 58.0539 56.1372 47.0683 55.0201 49.7356 45.2182 43.5035 57.3825 44.8319 50.4580 51.0025 92.6520 83.2817 55.6080 58.0396 
CLA 32.2803 49.3634 34.3745 38.7418 33.2037 30.8395 24.1099 38.0515 38.3320 22.6458 23.1721 35.1114 33.6938 40.2830 34.5914 72.9482 64.7258 33.7368 35.7665 

EPd 27.8721 41.9454 23.9241 30.6396 23.1011 21.5538 17.2596 26.5597 35.6631 15.0041 14.8236 26.6001 23.5068 30.4843 24.5407 70.8684 51.0787 22.3519 25.8663 
CP 37.5628 61.7781 38.9337 44.8553 40.0992 35.7653 27.5896 42.9204 44.5552 26.4507 27.3838 42.0599 38.3309 45.3672 37.6534 84.2787 75.0542 39.5556 42.6797 

ACB 33.3074 57.4987 30.8581 36.5487 31.8705 28.5478 22.0922 31.9431 46.1221 19.9049 20.0187 34.6194 27.9974 39.1074 30.5535 82.8242 68.6079 29.8013 35.2931 
FS 57.8912 59.7643 27.6772 41.8742 35.8913 29.4342 34.7491 39.9738 58.0461 17.5326 21.2960 38.6203 32.6807 55.2486 36.1154 91.7453 69.2484 27.1883 34.1996 

OT1 30.1400 45.8271 31.4529 39.0162 31.8056 29.0135 23.9501 33.2711 32.5490 20.8390 20.1467 33.8572 37.0747 31.9629 28.4962 75.4688 59.0466 29.4960 33.2278 
OT2 19.4256 41.6487 19.9589 23.2359 19.9051 19.8958 12.9576 20.4887 35.6831 11.8562 10.9458 24.6271 18.2627 25.6912 18.1346 74.0265 53.9294 17.3585 22.7788 

OT3 19.9077 44.3732 20.3095 29.5599 21.3889 20.8408 13.8181 20.1127 33.8222 12.7128 11.5162 25.7438 22.2000 28.0417 21.2900 73.2591 54.7007 18.3573 26.1401 

GPi 46.0857 49.6579 34.2808 45.1895 38.9418 26.4477 32.0893 41.6451 65.2621 22.4485 26.6955 40.1925 36.2054 65.5467 42.5739 82.6827 67.2828 33.8861 34.5979 
SI 34.3017 53.5243 28.6885 38.1957 32.3101 26.0360 30.2263 31.9960 41.9750 19.4300 20.5826 35.5099 28.8184 50.0723 33.0070 86.4974 55.0463 27.4298 31.7512 

MA 24.3965 38.6089 15.0818 20.4668 16.6657 14.9830 12.3059 17.2752 28.6925 10.9470 10.4238 23.0879 13.9771 33.4957 17.1106 76.4550 41.2385 15.2927 17.4689 
LD 13.9271 38.0098 10.6936 11.5883 10.5836 10.6396 8.5296 11.8945 38.9854 7.3542 7.2380 12.7470 10.4918 16.4506 10.4930 83.9976 54.8530 11.3364 11.7755 

LP 17.6129 44.6793 18.9123 25.0090 18.6020 17.0361 13.4397 20.9433 42.6280 10.5759 12.9813 19.7238 19.5459 21.2417 17.9855 82.5386 61.0407 18.4456 18.8279 
PO 11.1415 49.8035 7.1659 8.3531 6.3317 7.4184 4.1998 6.1479 39.8201 4.7635 4.3128 7.9863 8.2369 10.2036 6.0993 86.3346 60.5250 5.5850 7.5465 

RT 14.5586 29.1071 14.1758 17.7108 15.5997 11.6745 10.8485 20.3247 45.4542 9.6863 9.8109 21.2076 15.4374 40.9786 17.0561 75.9444 35.1873 13.3627 17.0864 
VPL 6.0598 28.2471 3.6606 4.5930 3.1534 2.9975 2.0156 4.4698 40.7918 1.9899 2.3416 5.2105 5.3505 7.0242 2.3116 101.567 37.1748 3.1538 3.4994 

VPM 2.0370 47.0716 3.1819 3.3049 2.7059 3.3268 1.6735 2.0305 40.9201 1.6087 1.5015 4.0701 2.5215 6.0226 2.4664 92.8635 62.0616 2.2748 3.0729 
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SPFp 13.4049 41.7275 27.9114 40.3713 30.1617 26.5823 19.6117 32.8085 43.3566 19.2466 22.8630 37.5908 28.1321 40.8958 31.0195 93.8815 62.1586 31.8165 33.3579 

LHA 32.4896 52.8086 27.6099 35.2159 29.4101 24.7844 25.1858 30.1491 40.2556 19.0421 19.3781 35.2028 25.6637 49.2584 30.7922 81.2105 54.6776 26.8970 31.5356 
STN 19.6671 49.8271 23.8032 29.1117 23.0819 21.0446 18.8589 28.4332 39.0098 18.8339 19.0199 28.9583 20.8317 41.2806 26.3567 88.2062 49.5743 27.0810 26.0917 

ZI 30.6758 47.9179 21.8434 28.4252 24.0658 18.2022 17.5540 28.7947 32.9738 14.8193 16.5008 29.3946 22.9074 57.4036 23.6069 79.4972 54.8111 24.1992 26.5984 
IC 20.8458 36.5588 23.1711 28.2167 24.8132 20.5394 20.2731 26.3636 30.8939 15.9483 17.3612 28.3571 23.7198 47.4438 24.9647 69.6877 46.6357 23.9370 24.3785 

SCm 30.4148 52.0921 33.9679 38.9625 34.7859 28.8228 29.5097 45.4368 41.3568 24.6752 27.0124 39.6839 36.1249 66.3871 39.1446 80.7239 64.8259 36.0732 37.2546 
SCs 31.2011 48.8799 31.1236 38.7564 32.7758 27.2256 27.1549 37.7004 37.4163 20.4087 23.2433 36.7329 29.6908 53.2911 33.1468 75.7610 58.9648 32.1161 33.8831 

SNc 26.5449 59.6397 29.0731 32.1757 29.3623 25.9394 25.1122 44.0764 38.1612 21.6628 23.2610 34.6589 29.1728 50.1217 32.7519 91.1967 67.0537 31.4321 34.0945 

SNr 50.6744 64.3472 35.2526 43.4125 38.3006 32.2683 35.5869 40.0403 50.9411 27.3275 26.5679 40.1102 30.5319 59.5876 40.8975 86.8236 62.4724 36.4155 39.5231 
APN 8.5517 42.4825 23.7539 31.3698 25.0604 18.2922 17.8908 31.7784 50.1659 17.8259 18.4319 31.2461 26.8512 50.0021 26.1402 76.9988 57.0666 23.0668 26.7876 

NOT 40.2868 38.1329 22.1775 21.5696 25.3806 14.0082 17.5937 29.3850 41.4176 14.8591 18.0899 30.9051 22.1240 45.2820 30.7568 75.6716 46.7833 19.9675 25.5448 
PPN 48.6274 53.2458 26.6248 35.0451 28.3628 22.2891 23.7030 37.3807 37.9328 18.6632 22.1733 33.3481 30.3645 63.9638 32.2748 90.3315 60.0795 31.7636 32.0124 

PPT 0.0000 35.4084 19.0422 30.6758 23.5029 23.5558 16.9048 25.3752 42.7726 16.1570 16.8611 27.5371 22.8370 51.3672 21.9838 73.7091 56.7444 30.1647 26.4290 
RR 45.1004 57.9223 30.3533 39.3249 33.0775 28.5998 25.3928 43.7039 37.3927 23.4299 25.4071 37.4865 30.3546 55.7444 28.8600 86.0593 57.7861 35.7429 38.6399 

MRN 46.8639 56.6217 35.5330 40.7162 36.8836 30.2302 29.4260 44.6306 44.6600 26.6347 28.1362 40.7078 36.4834 64.3740 37.3143 83.8484 68.4267 38.7202 38.9671 
P 11.6545 45.4517 21.8149 27.2760 23.0731 19.1856 17.7897 28.6431 31.0353 15.5014 17.6663 27.8528 22.5407 59.8043 26.1678 81.5698 52.9168 25.0468 25.1069 

MY 22.6121 44.6151 19.4789 24.1059 18.8663 16.9296 15.2038 23.1269 29.6104 12.7578 14.3363 22.6608 20.2604 56.0054 21.1542 81.7741 54.5081 20.9064 21.2128 
IP 2.1238 10.1287 3.3567 3.9253 5.1698 2.7473 2.7106 4.2761 25.7103 0.7636 1.8470 7.8401 2.0063 63.6482 2.4391 81.0816 22.2995 3.4747 4.3860 

ANcr2gr 5.1574 17.4934 9.6785 10.3177 9.8101 9.5565 9.3816 6.3329 14.8923 7.9082 5.2750 8.9141 13.1476 32.4822 7.1794 73.1193 21.5199 8.8028 9.7388 
ANcr2mo 24.0698 24.7361 20.3300 19.8055 19.4334 22.6431 16.2506 22.9772 15.5892 14.5643 14.3914 16.8430 14.5657 31.5104 18.5056 64.4986 29.1429 20.2744 19.5045 

CENT3gr 4.7372 14.7910 8.5653 9.4211 11.1665 7.4724 5.6148 5.1270 29.2215 8.8407 5.3518 9.6995 2.0032 60.2597 7.8528 56.8660 19.2990 8.5054 7.1350 

CENT3mo 13.1597 23.1099 18.3860 14.1735 18.3432 14.3175 13.3075 21.0578 27.2020 8.8687 13.7909 15.3481 14.8573 40.7231 17.9549 61.7188 31.3101 18.7917 16.8399 
CUL4,5gr 5.9589 16.2692 8.6047 10.5209 9.0396 9.5338 8.3577 6.9713 21.3307 8.0805 5.4989 10.4840 7.4411 51.3091 8.4466 67.6374 21.0881 9.5053 9.8065 

CUL4,5mo 18.8520 23.6274 18.3223 18.0850 19.3476 17.3762 15.5101 20.0998 25.9365 11.5515 14.2121 14.9614 12.6273 36.3764 18.6300 65.2469 31.6448 18.8694 18.8147 
SIMgr 8.9977 17.2983 11.4739 10.8779 11.6856 10.3901 9.1708 7.1011 21.3970 10.2995 6.6769 12.5571 16.9505 40.9509 9.2254 75.1603 23.1900 11.9744 11.6791 

SIMmo 23.4946 26.4662 21.2442 20.1477 21.8994 19.4007 15.8980 22.0223 20.9503 13.7356 16.2550 17.8411 18.7811 38.0544 17.5897 67.2921 32.9558 21.4032 20.1947 
PRMgr 6.1506 15.2797 8.5237 8.1091 9.0905 8.7940 6.5598 5.9893 17.3317 7.2101 4.6300 9.2063 6.2601 30.5986 6.8882 71.9682 20.6121 8.6578 8.7326 

PRMmo 21.0511 25.8577 20.4040 20.3925 19.8817 19.0880 15.7282 21.7021 18.7438 15.8495 14.7235 16.1275 16.6690 33.5478 17.9885 63.6895 33.0585 20.1662 19.3924 
COPYgr 6.5684 12.9789 7.2135 8.7655 8.6260 7.5116 7.4007 5.2912 15.1793 6.7901 4.0219 9.2989 6.0537 34.7792 7.5197 63.0375 18.7964 7.6757 7.7649 

COPYmo 21.2137 25.2701 17.9913 17.8533 18.2327 16.8137 14.1748 19.1663 16.3091 10.9248 13.0988 14.1511 17.7782 30.4010 14.7812 68.7469 31.7047 17.6152 17.5957 
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Appendix 10: Raw data for LPL synapse percentages across the brain. LPL synapses as percentage of total synapse 

number in 12 main brain areas and 110 brain subregions. Five synapse subtypes with longest PSD95-HaloTag lifetimes 

(subtypes 2, 3, 5, 34 and 35) were grouped to derive LPL synapse number. Subtypes densities (/100 µm2) are provided for all 

37 subtypes. 
LPL synapse percentage: main brain areas 

 

 

 

 

 

Type 1 (PSD95-only) subtypes: main brain areas 

Abbreviation subtype1 subtype2 subtype3 subtype4 subtype5 subtype6 subtype7 subtype8 subtype9 subtype10 subtype11 
Isocortex 2.7851 0.3489 0.3455 9.2092 6.9358 2.1857 0.3759 22.8661 5.9179 3.6926 1.5548 

OLF 3.2042 0.1216 0.0829 3.5967 1.6035 2.9122 0.5030 15.5840 4.7841 1.4318 0.7121 
HPF 3.7954 0.1315 0.1349 4.4372 2.6549 3.2924 0.5348 24.1485 7.9013 2.2865 1.8420 

CTXsp 4.3197 0.2039 0.1246 4.2613 2.0189 4.0342 0.4548 19.8416 4.9630 1.3574 0.7998 
STR 3.3668 0.2043 0.1521 4.4632 2.6945 3.1107 0.4532 22.4220 5.5804 1.7743 1.3543 

PAL 1.8259 0.0618 0.0202 0.7844 0.2790 1.8707 0.2272 4.8485 1.5125 0.2044 0.0935 

TH 4.2070 0.1100 0.0242 1.0174 0.2952 4.7875 0.2951 20.2541 4.0147 0.3043 0.5046 
HY 2.4348 0.0790 0.0285 1.1593 0.4368 2.4900 0.3112 6.7736 2.0811 0.3127 0.1364 

MB 2.0178 0.0495 0.0221 1.0089 0.3785 2.0111 0.2512 5.4619 1.8307 0.2780 0.1094 
P 1.3499 0.0588 0.0151 0.4557 0.2096 1.3123 0.1822 3.3359 1.2988 0.1371 0.0585 

MY 1.5265 0.0640 0.0169 0.5161 0.2412 1.5111 0.1934 4.1212 1.6011 0.1702 0.0793 
CB 1.7259 0.0550 0.0708 2.5543 1.1822 1.7442 0.4175 9.7700 3.1218 1.1717 0.5701 

 

Abbreviation Region name LPL synapses % of total LPL synapses (2, 3, 5, 34, 35) Total subtypes 
Isocortex Isocortex 11.8857 12.6727 106.6210 
OLF Olfactory areas 3.0295 2.3059 76.1147 
HPF Hippocampal Formation 3.8026 4.4288 116.4678 
CTXsp Cortical subplate 4.4229 3.5933 81.2440 
STR Striatum 5.9480 5.2352 88.0162 
PAL Pallidum 1.7868 0.4234 23.6970 
TH Thalamus 0.7979 0.4840 60.6644 
HY Hypothalamus 2.1899 0.6764 30.8872 
MB Midbrain 2.3980 0.5853 24.4072 
P Pons 2.1011 0.3378 16.0762 
MY Medulla 2.1708 0.3783 17.4263 
CB Cerebellum 3.8958 1.5910 40.8377 
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Type 2 (SAP102-only) subtypes: main brain areas 

Abbreviation subtype12 subtype13 subtype14 subtype15 subtype16 subtype17 subtype18 
Isocortex 0.9478 0.8832 0.3308 0.8779 4.4192 1.7005 0.1365 
OLF 1.1954 1.8984 0.3673 1.1671 6.1311 2.5316 0.1923 

HPF 1.8808 1.0501 0.5670 1.1652 6.1950 2.4006 0.1991 
CTXsp 0.8520 0.6575 0.2522 0.8330 4.3040 1.3567 0.1238 

STR 1.0562 0.6960 0.2747 0.8339 4.0851 1.4584 0.1147 
PAL 0.2482 0.6401 0.0814 0.5640 2.0388 1.1060 0.0578 

TH 0.5642 0.2004 0.2478 0.4563 2.9502 0.5803 0.0910 
HY 0.2587 0.6531 0.0927 0.5272 2.0419 0.9453 0.0644 

MB 0.1785 0.4959 0.0671 0.4148 1.4978 0.7543 0.0472 
P 0.1195 0.5152 0.0481 0.3335 1.1418 0.6741 0.0387 

MY 0.1180 0.4358 0.0446 0.3162 1.0906 0.5406 0.0341 

CB 0.3760 1.6700 0.1493 0.7521 2.4805 2.0692 0.0955 

 

Type 3 (PSD95 + SAP102) subtypes: main brain areas 

Abbreviati
on 

subtype
19 

subtype
20 

subtype
21 

subtype
22 

subtype
23 

subtype
24 

subtype
25 

subtype
26 

subtype
27 

subtype
28 

subtype
29 

subtype
30 

subtype
31 

subtype
32 

subtype
33 

subtype
34 

subtype
35 

subtype
36 

subtype
37 

Isocortex 0.0705 0.7236 2.4816 0.3802 2.1388 1.3660 0.8895 0.7320 0.1457 0.8708 8.3175 2.7044 0.1272 6.7807 1.0781 0.5206 4.5219 2.5129 4.7457 

OLF 0.0945 0.0787 1.2311 0.2939 1.4449 0.7093 0.9582 0.5934 0.2410 0.5477 4.5658 1.5270 0.0590 10.5284 1.0500 0.0538 0.4441 1.1084 2.5664 
HPF 0.0655 0.2403 2.7271 0.6422 2.9524 1.4640 1.7049 0.9038 0.1709 2.0297 11.4729 4.3099 0.2077 11.2442 2.0067 0.1018 1.4056 3.0629 5.1377 

CTXsp 0.0415 0.3642 2.0005 0.5145 1.8083 0.9810 0.8455 0.6261 0.1512 0.8845 8.7257 1.8243 0.2754 4.9168 0.7954 0.1181 1.1278 1.5772 2.9077 
STR 0.0448 0.6235 2.2268 0.5027 1.9426 1.1868 0.9693 0.5556 0.1617 1.3275 9.2438 2.4381 0.2723 3.8695 0.9329 0.4862 1.6981 1.8629 3.5765 

PAL 0.0180 0.0310 0.4872 0.1865 0.4729 0.2289 0.2602 0.1892 0.1125 0.1277 1.7909 0.4239 0.1716 1.6494 0.1457 0.0192 0.0432 0.1991 0.6754 
TH 0.0087 0.0296 0.7909 0.2114 0.9663 0.3814 0.5664 0.2204 0.0649 0.5949 5.0954 0.8595 0.2697 7.4475 0.3640 0.0130 0.0416 0.6471 1.1874 

HY 0.0254 0.0666 0.6729 0.2547 0.6306 0.3173 0.3395 0.2420 0.1621 0.1913 2.5544 0.5966 0.2305 2.1884 0.2070 0.0342 0.0979 0.2954 0.9538 
MB 0.0193 0.0798 0.5617 0.2195 0.4796 0.2652 0.2387 0.1616 0.1338 0.1646 1.9339 0.5150 0.2780 1.1738 0.1455 0.0251 0.1101 0.2008 0.8265 

P 0.0137 0.0401 0.3517 0.1660 0.3160 0.1565 0.1596 0.0774 0.1581 0.1032 1.0877 0.4033 0.2484 0.7322 0.0870 0.0185 0.0358 0.0891 0.5472 

MY 0.0059 0.0396 0.3749 0.1638 0.3252 0.1710 0.1571 0.0750 0.1164 0.1211 1.1694 0.4078 0.2452 0.6337 0.0842 0.0177 0.0384 0.0983 0.5607 
CB 0.0689 0.0774 0.6050 0.1933 0.5314 0.3697 0.3865 0.2831 0.2896 0.2035 1.7621 0.7614 0.0797 2.4792 0.3449 0.0121 0.2710 0.3544 1.7886 
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LPL synapse percentage: subregions 

Abbreviation LPL synapses % of total LPL synapses (2, 3, 5, 34, 35) Total subtypes 
ORB1 13.8917 16.0797 115.7503 
ORB2-3 13.4254 15.2173 113.3469 
ORB5 10.3993 10.7646 103.5121 
ORB6a 7.0082 6.6658 95.1143 
ORB6b 3.2536 1.9535 60.0407 
FRP1 14.3535 17.9724 125.2123 
FRP2-3 13.8795 16.3286 117.6458 
MO1 16.5181 21.6312 130.9541 
MO2-3 16.3574 19.6065 119.8634 
MO5 11.3784 11.3978 100.1709 
MO6a 5.6572 4.9263 87.0808 
MO6b 2.9278 1.8508 63.2151 
SS1 15.8230 20.4704 129.3716 
SS2-3 17.2209 21.0415 122.1857 
SS4 13.0410 14.6130 112.0546 
SS5 10.6660 10.7737 101.0102 
SS6a 5.9428 5.3556 90.1181 
SS6b 2.8870 1.6432 56.9167 
PTLp1 14.9719 19.8005 132.2516 
PTLp2-3 15.8563 19.7205 124.3703 
PTLp4 13.4523 15.7631 117.1777 
PTLp5 11.1340 11.8404 106.3447 
PTLp6a 6.9249 6.6834 96.5119 
PTLp6b 3.3006 1.9948 60.4372 
VIS1 11.4224 13.8098 120.9016 
VIS2-3 13.0877 15.9041 121.5191 
VIS4 11.7863 13.6070 115.4477 
VIS5 10.0473 10.8895 108.3821 
VIS6a 6.1411 6.1571 100.2604 
VIS6b 3.1280 1.7515 55.9954 
RSPd1 7.0047 6.9055 98.5840 
RSPd2-3 7.7615 8.1191 104.6081 
RSPd5 6.6796 6.9764 104.4433 
RSPv1 6.2223 4.8233 77.5166 
RSPv2-3 4.4206 3.1074 70.2939 
RSPv5 5.8439 4.7025 80.4687 
RSPv6a 4.4870 2.9087 64.8257 
MOBgl 1.6530 0.9303 56.2810 
MOBopl 1.1505 0.8575 74.5360 
MOBmi 2.0437 0.8868 43.3941 
MOBipl 1.9378 0.9914 51.1622 
MOBgr 1.9936 0.8510 42.6883 
AON1 4.4072 5.1219 116.2167 
AON2 5.1447 5.6822 110.4481 
PIR1 4.5345 4.3554 96.0485 
PIR2 4.2472 3.3478 78.8236 
PIR3 3.6950 2.9678 80.3194 
CA1so 3.9895 5.9662 149.5464 
CA1sp 2.0876 1.4015 67.1341 
CA1sr 5.8356 8.8865 152.2811 
CA1slm 2.7097 3.1340 115.6598 
CA2so 0.4917 0.5823 118.4261 
CA2sp 2.7243 1.0996 40.3628 
CA2sr 0.7121 0.7653 107.4599 
CA2slm 0.2385 0.3139 131.6160 
CA3so 0.8877 0.8660 97.5603 
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CA3sp 2.9880 1.5068 50.4301 
CA3sr 1.9020 2.1267 111.8155 
CA3slm 0.6088 0.8355 137.2249 
DG-mo 2.2295 3.5696 160.1091 
DG-po 2.0383 1.3459 66.0329 
DG-sg 0.9331 0.3776 40.4647 
SUB 9.5991 8.3673 87.1675 
CLA 5.4857 4.7927 87.3681 
EPd 3.5539 2.7368 77.0080 
CP 6.3885 5.4290 84.9814 
ACB 5.5462 5.3026 95.6076 
FS 1.8770 0.3179 16.9351 
OT1 7.4262 7.2228 97.2601 
OT2 4.2090 3.6772 87.3639 
OT3 4.3705 4.0039 91.6111 
GPi 1.2620 0.1495 11.8439 
SI 1.7573 0.4725 26.8861 
MA 2.2853 0.8742 38.2517 
LD 0.8438 0.6295 74.5972 
LP 1.3971 0.9756 69.8344 
PO 0.6991 0.4977 71.1885 
RT 1.2111 0.2807 23.1801 
VPL 0.5442 0.2968 54.5396 
VPM 0.6498 0.4633 71.3000 
SPFp 1.8390 0.5480 29.8005 
LHA 2.4565 0.9050 36.8418 
STN 2.1920 0.7113 32.4499 
ZI 2.0570 0.4360 21.1969 
IC 3.1362 0.9905 31.5813 
SCm 2.5568 0.6347 24.8223 
SCs 2.5380 0.9583 37.7568 
SNc 1.8274 0.2887 15.7969 
SNr 1.4297 0.2602 18.2020 
APN 1.7799 0.3824 21.4851 
NOT 1.6301 0.5474 33.5815 
PPN 1.4781 0.2447 16.5537 
PPT 1.9588 0.4852 24.7686 
RR 1.4221 0.3082 21.6713 
MRN 2.0768 0.3921 18.8794 
P 2.1011 0.3378 16.0762 
MY 2.1708 0.3783 17.4263 
IP 1.6327 0.2665 16.3200 
ANcr2gr 5.2292 2.6483 50.6444 
ANcr2mo 2.8126 1.2214 43.4265 
CENT3gr 3.8785 1.7224 44.4090 
CENT3mo 2.1378 0.7481 34.9926 
CUL4,5gr 5.3477 2.6579 49.7021 
CUL4,5mo 3.0142 1.1338 37.6147 
SIMgr 7.2507 4.0782 56.2457 
SIMmo 3.5150 1.4213 40.4338 
PRMgr 5.7292 3.0656 53.5087 
PRMmo 3.1129 1.3644 43.8291 
COPYgr 5.2658 2.6415 50.1633 
COPYmo 2.9355 1.3190 44.9334 
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Type 1 (PSD95-only) subtypes: subregions 

Abbreviation subtype1 subtype2 subtype3 subtype4 subtype5 subtype6 subtype7 subtype8 subtype9 subtype10 subtype11 
ORB1 2.4883 0.4306 0.3960 9.0583 7.9193 1.8028 0.3793 22.2915 6.0615 3.7858 1.6931 
ORB2-3 2.4560 0.4438 0.4295 9.8623 8.4314 1.6926 0.3838 22.9394 6.5813 4.3569 1.7624 
ORB5 3.1903 0.3619 0.3219 8.8933 6.0311 2.3869 0.4004 22.4884 6.0502 3.4213 1.3321 
ORB6a 3.9283 0.2607 0.2099 6.7462 3.6794 3.3822 0.4252 22.9812 5.6899 2.3303 1.1555 
ORB6b 3.6741 0.1575 0.0681 2.5391 1.0746 3.7932 0.3610 15.9751 3.6182 0.7083 0.5264 
FRP1 2.3808 0.5316 0.4608 9.9329 9.1675 1.7351 0.4213 25.4413 7.0828 4.4942 2.2597 
FRP2-3 2.5007 0.5286 0.4597 9.8663 9.0957 1.7453 0.3931 25.0200 7.1168 4.4924 2.1548 
MO1 1.6322 0.5376 0.5023 11.2050 11.0471 1.1457 0.3469 25.0191 6.6684 5.0989 2.4626 
MO2-3 1.8510 0.5444 0.5055 11.1505 10.6912 1.2526 0.3464 23.8322 6.5833 5.0008 2.1231 
MO5 3.1236 0.3634 0.3370 9.3956 6.3526 2.3129 0.4134 21.9488 5.8505 3.4879 1.2721 
MO6a 4.3268 0.1945 0.1603 6.2501 2.8298 3.9188 0.4399 22.5798 5.4680 1.8840 0.9854 
MO6b 3.9349 0.1544 0.0691 2.9182 1.0618 4.0771 0.3768 17.0967 3.9026 0.7352 0.5694 
SS1 1.5886 0.4751 0.4982 11.5591 10.6572 1.1751 0.3345 25.2251 6.3456 5.0999 2.3826 
SS2-3 1.5470 0.5057 0.5454 11.7313 11.6376 1.0040 0.3182 23.2780 6.4585 5.3748 2.1715 
SS4 2.1393 0.2719 0.4063 11.9730 8.4136 1.4656 0.3181 24.8500 6.0833 4.8314 1.7059 
SS5 3.0954 0.3172 0.3196 10.0364 6.1760 2.2957 0.3820 22.7623 5.7360 3.6227 1.2570 
SS6a 4.0286 0.1924 0.1708 6.7268 3.0290 3.5841 0.4116 22.9319 5.3153 2.0798 1.0346 
SS6b 3.4838 0.1590 0.0585 2.5324 0.9082 3.6580 0.3520 15.2196 3.4318 0.6242 0.4904 
PTLp1 1.7347 0.4208 0.5031 11.8035 10.6320 1.1852 0.3461 26.2063 6.5732 5.3058 2.4311 
PTLp2-3 1.7642 0.4422 0.5132 11.9221 11.0766 1.1870 0.3312 25.0547 6.7917 5.5311 2.2650 
PTLp4 2.1693 0.2470 0.4409 12.4160 8.9610 1.5114 0.3357 26.0282 6.4857 5.0249 1.8652 
PTLp5 3.0129 0.2893 0.3450 11.0516 6.9020 2.1531 0.3563 23.7984 5.9591 4.0561 1.3640 
PTLp6a 3.8002 0.2085 0.2058 8.1563 3.8217 3.1340 0.4108 24.0877 5.5048 2.6121 1.1133 
PTLp6b 3.7163 0.1417 0.0863 3.0908 1.1666 3.7052 0.3725 16.6824 3.9220 0.7728 0.5591 
VIS1 2.4008 0.2713 0.3555 9.5157 7.2897 1.8751 0.3831 24.2005 6.0903 4.0333 1.8835 
VIS2-3 2.1597 0.3297 0.4203 10.4305 8.7303 1.5122 0.3317 24.0692 6.4345 4.6059 2.0124 
VIS4 2.4060 0.2598 0.3605 10.6715 7.5712 1.7354 0.3345 25.0149 6.2501 4.4657 1.7729 
VIS5 2.9407 0.2726 0.3034 9.9271 6.1265 2.1848 0.3563 23.4847 5.7626 3.6952 1.3650 
VIS6a 3.6423 0.2197 0.1895 7.2471 3.3836 3.2129 0.3933 24.2275 5.4730 2.4243 1.2199 
VIS6b 3.2138 0.1325 0.0615 2.5274 0.9411 3.3121 0.3245 14.4872 3.2459 0.6815 0.4903 
RSPd1 3.6118 0.1652 0.2041 6.7485 3.8727 3.2883 0.4786 22.3136 5.4369 2.4965 1.1225 
RSPd2-3 3.2205 0.2302 0.2369 7.9275 4.6531 2.6779 0.4109 23.8675 5.9028 3.0505 1.3864 
RSPd5 3.3766 0.2131 0.2181 7.7427 3.8130 2.7903 0.3772 24.4839 5.4294 2.7388 1.2304 
RSPv1 3.7119 0.1166 0.1362 5.0419 2.5487 3.3731 0.4588 16.8096 4.4148 1.6632 0.6115 
RSPv2-3 3.4858 0.1425 0.0991 3.5650 1.7646 3.3536 0.4607 15.7946 4.1715 1.2424 0.6001 
RSPv5 3.9564 0.1628 0.1326 5.2526 2.4508 3.6128 0.4540 18.7311 4.6286 1.6615 0.6872 
RSPv6a 3.5855 0.1735 0.0925 3.7339 1.5322 3.4335 0.3994 15.4464 3.7448 1.0395 0.5372 
MOBgl 2.3961 0.1022 0.0384 1.9509 0.7512 2.3483 0.6061 11.0198 4.6378 1.0875 0.5443 
MOBopl 4.1012 0.0387 0.0275 2.8734 0.7293 3.9108 0.5021 16.2267 4.3826 0.8456 0.4637 
MOBmi 2.1334 0.1407 0.0466 1.2135 0.6395 1.8103 0.3824 6.1386 2.6892 0.5176 0.1998 
MOBipl 2.6223 0.0678 0.0428 1.6372 0.8046 2.3032 0.4223 7.8567 3.4830 0.7134 0.2164 
MOBgr 2.2824 0.0636 0.0348 1.2727 0.6830 1.9331 0.3595 6.5269 3.0559 0.5447 0.2073 
AON1 3.5032 0.1125 0.1617 6.7942 3.3473 3.1067 0.4637 25.8733 6.6145 2.7423 1.5078 
AON2 3.2689 0.2826 0.2054 6.3947 3.5843 2.6715 0.4139 23.1262 6.1734 2.6797 1.4515 
PIR1 3.2929 0.1344 0.1615 6.5602 3.1372 2.7635 0.5379 19.1030 5.4953 2.4600 0.9392 
PIR2 3.6280 0.3283 0.1421 4.2182 2.2252 3.0227 0.5670 15.8600 4.9337 1.6403 0.7016 
PIR3 4.5930 0.1645 0.1034 4.0962 1.7851 4.3706 0.5148 19.6863 5.1482 1.2966 0.7045 
CA1so 3.7464 0.0882 0.1733 6.8405 3.8643 3.0127 0.5268 31.6415 9.6235 3.6724 2.6915 
CA1sp 2.5143 0.1927 0.0670 1.5029 0.8311 2.4194 0.3833 14.0004 4.3835 0.8345 0.9658 
CA1sr 3.4964 0.1466 0.2615 7.1898 5.1554 2.5929 0.5437 29.8086 9.8775 4.0218 3.0033 
CA1slm 4.6618 0.0652 0.0940 5.3114 2.3388 4.0164 0.5249 27.3946 8.7958 2.6162 1.4717 
CA2so 4.9406 0.0463 0.0231 1.2743 0.4128 5.2745 0.4920 26.7914 6.4306 0.6170 1.0055 
CA2sp 1.7885 0.4327 0.0707 0.3481 0.5351 1.9255 0.3536 6.3182 2.2537 0.1939 0.1935 
CA2sr 4.5400 0.0592 0.0283 1.2606 0.5105 4.9794 0.5335 22.7145 6.5667 0.5479 0.9967 
CA2slm 5.0722 0.0178 0.0103 1.1225 0.2339 5.6242 0.4405 30.4890 7.0716 0.5620 1.2526 
CA3so 4.0824 0.0604 0.0328 1.1961 0.5413 4.3995 0.4797 19.1200 6.1627 0.4933 0.9782 
CA3sp 3.3169 0.4086 0.0847 0.8986 0.9012 2.6149 0.6109 9.1074 4.9484 0.6009 0.3987 
CA3sr 4.7122 0.1172 0.0828 2.1090 1.3081 4.1329 0.7107 19.1957 8.3089 1.1191 1.2228 
CA3slm 4.5197 0.0460 0.0275 1.3040 0.5054 5.2237 0.5465 27.7323 8.1919 0.5892 1.5882 
DG-mo 4.1317 0.0793 0.1274 4.9812 2.5835 3.6415 0.6542 35.1718 11.2578 2.9954 3.2129 
DG-po 4.9041 0.1428 0.0655 1.3437 0.9978 3.8201 0.7258 12.5773 6.9743 0.7879 0.5475 
DG-sg 1.9208 0.0883 0.0273 0.3300 0.2206 1.9849 0.2619 7.8554 2.4655 0.1982 0.3648 
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SUB 3.5808 0.2109 0.2053 6.4818 4.1099 2.8847 0.4386 17.2697 5.1900 2.3542 0.8696 
CLA 4.0048 0.2307 0.1533 5.2312 2.5914 3.7393 0.4112 21.6076 5.1453 1.7213 0.9679 
EPd 4.5316 0.1844 0.1042 3.5803 1.6068 4.2393 0.4854 18.6083 4.8269 1.0952 0.6807 
CP 3.3124 0.1919 0.1487 4.3767 2.6150 3.0302 0.3981 22.3940 5.2847 1.6582 1.3517 
ACB 3.5926 0.2321 0.1621 4.8009 2.9348 3.3382 0.5238 24.4628 6.3923 2.0529 1.5290 
FS 1.1068 0.0374 0.0108 0.4489 0.1795 1.1863 0.1258 3.7294 1.0188 0.1412 0.1162 
OT1 2.7729 0.2356 0.2188 6.5835 4.0759 2.4222 0.5174 19.4628 5.2932 2.5468 1.1939 
OT2 3.3292 0.2131 0.1378 3.5008 2.2153 3.1760 0.5823 18.8280 5.4643 1.5365 1.0367 
OT3 3.7402 0.1914 0.1348 3.9191 2.2926 3.6344 0.5786 21.3825 5.7070 1.5657 1.1129 
GPi 1.0802 0.0343 0.0074 0.2152 0.0898 1.1099 0.1155 2.5376 0.8674 0.0606 0.0389 
SI 2.0319 0.0617 0.0222 0.9101 0.3137 2.0992 0.2538 5.4212 1.6437 0.2323 0.1056 
MA 2.7528 0.1385 0.0424 1.5529 0.5846 2.7364 0.3828 8.1422 2.5294 0.4293 0.1735 
LD 4.8714 0.0801 0.0296 1.9038 0.4517 5.3618 0.3700 24.1928 4.8296 0.5932 0.6583 
LP 4.7872 0.0998 0.0413 2.1432 0.6292 4.9950 0.3204 22.1550 4.3059 0.5847 0.5739 
PO 4.7906 0.1105 0.0238 1.2039 0.3136 5.4528 0.3290 24.0475 4.6524 0.3590 0.6259 
RT 2.2362 0.0424 0.0121 0.6390 0.1837 2.2722 0.1495 6.6955 1.7302 0.1678 0.0974 
VPL 3.7832 0.1115 0.0182 0.4615 0.1540 4.5354 0.2667 18.6945 3.6190 0.1467 0.4398 
VPM 4.7965 0.1674 0.0277 0.7165 0.2503 5.6904 0.3424 24.2421 4.8223 0.2486 0.6168 
SPFp 2.6201 0.0677 0.0224 0.9119 0.3321 2.6275 0.1846 9.1393 1.9817 0.2175 0.1769 
LHA 2.7810 0.0885 0.0372 1.6257 0.5929 2.8395 0.3687 8.2129 2.3967 0.4146 0.1790 
STN 2.0937 0.1302 0.0348 1.1188 0.4413 2.1871 0.3095 6.1097 1.9467 0.3062 0.1365 
ZI 2.0235 0.0565 0.0181 0.6969 0.2851 2.0112 0.2184 4.9851 1.7321 0.2085 0.0792 
IC 2.3756 0.0675 0.0368 1.6505 0.6667 2.2335 0.3773 6.5695 2.5206 0.5034 0.1656 
SCm 2.2003 0.0532 0.0226 1.0132 0.3872 2.2120 0.2493 5.8094 1.8352 0.2635 0.1010 
SCs 2.9012 0.0440 0.0333 1.8926 0.5931 3.0858 0.3428 9.3921 2.5413 0.4553 0.2060 
SNc 1.3841 0.0364 0.0124 0.4499 0.1747 1.4197 0.1448 3.3751 1.0474 0.1116 0.0507 
SNr 1.2886 0.0387 0.0121 0.4485 0.1749 1.3222 0.2121 2.9779 1.3638 0.1356 0.0665 
APN 2.0508 0.0368 0.0133 0.7171 0.2561 2.0836 0.1603 5.7727 1.5752 0.1794 0.0827 
NOT 2.9802 0.0352 0.0147 1.3295 0.3559 3.2289 0.2342 9.3776 2.0429 0.2641 0.1259 
PPN 1.5664 0.0372 0.0102 0.4064 0.1599 1.5650 0.1421 3.8252 1.2879 0.1073 0.0552 
PPT 2.3666 0.0441 0.0183 0.8186 0.2886 2.4342 0.2134 6.4915 1.7787 0.1992 0.0924 
RR 1.9938 0.0254 0.0126 0.6318 0.2173 2.0496 0.1691 5.1165 1.6356 0.1710 0.0719 
MRN 1.8441 0.0463 0.0153 0.6438 0.2412 1.8174 0.1671 4.6893 1.4247 0.1606 0.0700 
P 1.3499 0.0588 0.0151 0.4557 0.2096 1.3123 0.1822 3.3359 1.2988 0.1371 0.0585 
MY 1.5265 0.0640 0.0169 0.5161 0.2412 1.5111 0.1934 4.1212 1.6011 0.1702 0.0793 
IP 1.0041 0.0759 0.0143 0.2734 0.1375 1.0863 0.2018 2.7625 1.1586 0.0910 0.0589 
ANcr2gr 1.2485 0.0816 0.1253 3.3617 2.0817 1.0680 0.4522 10.9139 3.5201 1.8529 0.9573 
ANcr2mo 2.4029 0.0452 0.0518 2.8123 0.8684 2.4188 0.5178 10.3818 3.4989 1.0059 0.3967 
CENT3gr 1.3617 0.0480 0.0805 2.5759 1.2100 1.3795 0.2883 11.3409 3.0149 1.2658 0.7724 
CENT3mo 2.3819 0.0296 0.0309 1.8494 0.5064 2.6287 0.3612 9.7926 2.9253 0.6249 0.3137 
CUL4,5gr 1.2541 0.0729 0.1127 3.3095 1.9887 1.1647 0.3959 11.6345 3.4613 1.8172 0.9659 
CUL4,5mo 2.1479 0.0349 0.0508 2.4745 0.7770 2.2533 0.4325 9.6338 3.1336 0.9284 0.3853 
SIMgr 1.1081 0.1372 0.1844 4.1773 3.1068 0.8781 0.4875 11.7097 3.8950 2.3645 1.1632 
SIMmo 1.9832 0.0413 0.0652 2.7932 0.9721 1.9275 0.5138 8.5279 3.2688 1.0798 0.3798 
PRMgr 1.1701 0.1067 0.1371 3.6700 2.4679 0.9703 0.4903 11.4055 3.7956 2.1516 1.0615 
PRMmo 2.1694 0.0354 0.0630 2.8982 0.9957 2.1002 0.5294 9.8457 3.4404 1.1499 0.4320 
COPYgr 1.2124 0.0978 0.1189 3.4826 2.0960 1.0314 0.5247 10.7498 3.6236 1.8914 0.8916 
COPYmo 2.1784 0.0374 0.0600 2.8152 0.9372 2.1528 0.5262 9.8918 3.3657 1.0689 0.4022 
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Type 2 (SAP102-only) subtypes: subregions 

Abbreviation subtype12 subtype13 subtype14 subtype15 subtype16 subtype17 subtype18 
ORB1 1.2425 0.7793 0.4041 0.9591 5.1318 1.7058 0.1536 
ORB2-3 0.9873 0.9928 0.3628 0.9013 4.6321 1.8022 0.1468 
ORB5 0.9451 0.8862 0.3163 0.9032 4.6156 1.6714 0.1367 
ORB6a 0.9024 0.7578 0.2882 0.8763 4.4061 1.6172 0.1311 
ORB6b 0.5387 0.4521 0.1690 0.6381 3.1492 1.1062 0.0894 
FRP1 1.2948 0.7723 0.3988 0.9147 4.7728 1.6351 0.1586 
FRP2-3 0.9931 0.9028 0.3576 0.8653 4.2917 1.7345 0.1436 
MO1 1.3248 1.0201 0.4493 0.9785 5.0336 1.9845 0.1603 
MO2-3 1.0089 1.1427 0.3791 0.9121 4.5867 1.9749 0.1525 
MO5 0.8369 0.8905 0.2911 0.8612 4.3106 1.6604 0.1292 
MO6a 0.6969 0.6522 0.2368 0.7748 3.7252 1.4850 0.1050 
MO6b 0.4940 0.4463 0.1710 0.6284 2.9841 1.1511 0.0929 
SS1 1.2675 0.9360 0.4140 0.9496 4.8670 1.8443 0.1514 
SS2-3 1.0179 1.2060 0.3997 0.9289 4.6404 2.0821 0.1548 
SS4 0.7887 0.9050 0.3074 0.8168 3.8993 1.6481 0.1290 
SS5 0.7929 0.8030 0.2768 0.8227 4.0247 1.5564 0.1202 
SS6a 0.7642 0.6658 0.2569 0.8145 3.9278 1.5107 0.1175 
SS6b 0.4789 0.3745 0.1444 0.5646 2.7761 0.9701 0.0782 
PTLp1 1.2960 0.8709 0.4421 0.9496 4.8395 1.7355 0.1411 
PTLp2-3 0.9579 1.0298 0.3853 0.8782 4.4172 1.8954 0.1475 
PTLp4 0.8379 0.7857 0.3138 0.8230 3.9058 1.5230 0.1170 
PTLp5 0.8010 0.7759 0.2854 0.8154 4.0338 1.4756 0.1359 
PTLp6a 0.7970 0.7799 0.2661 0.8502 4.1809 1.6125 0.1230 
PTLp6b 0.4359 0.3853 0.1543 0.6063 2.6044 1.0112 0.0826 
VIS1 1.3210 0.8701 0.4184 0.9916 5.1571 1.7210 0.1529 
VIS2-3 1.1579 1.0115 0.4119 0.9694 4.9343 1.9137 0.1576 
VIS4 0.9346 0.7776 0.3350 0.8409 4.2817 1.5256 0.1327 
VIS5 0.9770 0.7985 0.3404 0.8846 4.7065 1.5622 0.1385 
VIS6a 0.9995 0.7784 0.3108 0.9183 4.6070 1.6532 0.1414 
VIS6b 0.5173 0.4040 0.1596 0.6039 2.8322 0.9985 0.0794 
RSPd1 0.9926 0.7817 0.3190 0.8156 4.2942 1.4642 0.1344 
RSPd2-3 0.9760 0.8815 0.3390 0.8927 4.3844 1.6349 0.1319 
RSPd5 0.9987 0.8330 0.3627 0.9384 4.6060 1.6378 0.1498 
RSPv1 0.6513 0.7811 0.2421 0.7824 3.6750 1.4674 0.1204 
RSPv2-3 0.6698 1.0357 0.2478 0.8835 3.7517 1.7835 0.1099 
RSPv5 0.6197 0.8121 0.2376 0.7989 3.5427 1.5100 0.1136 
RSPv6a 0.5051 0.5955 0.2052 0.6771 3.0599 1.1617 0.0920 
MOBgl 1.0413 2.3369 0.3158 1.1285 5.5566 2.5740 0.1814 
MOBopl 1.0173 2.1116 0.3518 1.2464 6.4074 2.8239 0.2063 
MOBmi 0.8832 2.4948 0.2801 1.2649 5.9351 3.3413 0.2092 
MOBipl 1.1486 2.3004 0.3210 1.3363 7.0751 3.2469 0.2105 
MOBgr 0.9914 1.6086 0.2590 1.1257 5.9368 2.5646 0.1804 
AON1 1.8583 0.7893 0.4679 1.1625 6.7030 1.8950 0.1790 
AON2 1.6230 1.3443 0.5106 1.1055 6.7471 2.1298 0.2019 
PIR1 1.3640 1.6101 0.4111 1.1351 6.0783 2.2674 0.1828 
PIR2 0.9804 1.7934 0.3336 1.0125 5.3216 2.1780 0.1706 
PIR3 0.8321 0.6357 0.2591 0.7866 4.3453 1.2989 0.1260 
CA1so 2.0675 0.5710 0.6494 1.1753 6.2881 2.0497 0.1871 
CA1sp 0.8937 1.4003 0.3389 1.0053 4.6506 2.2553 0.1601 
CA1sr 2.4038 1.2371 0.7357 1.3595 7.0689 2.7088 0.2196 
CA1slm 1.2114 0.7900 0.3970 1.0177 5.1559 1.9691 0.1482 
CA2so 1.9864 0.6921 0.7245 1.3180 8.2726 1.8792 0.2164 
CA2sp 0.6123 1.3549 0.2812 0.9990 4.9786 1.9037 0.1586 
CA2sr 2.0734 0.9807 0.6758 1.4052 8.3483 2.3488 0.2509 
CA2slm 2.2986 0.4615 0.7038 1.2943 8.5080 2.0525 0.2313 
CA3so 2.6885 0.3461 0.6065 1.3380 7.3744 1.9838 0.1871 
CA3sp 0.7473 0.8779 0.2336 0.8256 3.8388 1.7202 0.1272 
CA3sr 3.2609 0.8539 0.7846 1.6814 8.6420 3.1420 0.2439 
CA3slm 3.7269 0.4589 0.8250 1.6997 9.3500 2.7084 0.2673 
DG-mo 2.7468 1.5562 0.8308 1.3784 7.8175 3.4667 0.2816 
DG-po 1.1642 0.4656 0.3120 0.8225 4.1953 1.4331 0.1390 
DG-sg 0.6848 1.7095 0.2497 0.7841 3.8235 2.3811 0.1820 
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SUB 0.8083 0.8587 0.2954 0.8338 4.1724 1.5591 0.1281 
CLA 0.8972 0.6335 0.2610 0.8481 4.2718 1.4167 0.1220 
EPd 0.8201 0.6753 0.2475 0.8233 4.3279 1.3193 0.1252 
CP 0.9569 0.3897 0.2404 0.7113 3.4966 1.0881 0.0945 
ACB 1.1217 0.9388 0.3012 0.9561 4.4910 1.8647 0.1327 
FS 0.2068 0.2538 0.0527 0.3961 1.5245 0.6712 0.0371 
OT1 1.6122 1.4658 0.4146 1.1800 6.2071 2.1160 0.1648 
OT2 1.3528 1.8904 0.3921 1.1291 6.0397 2.4635 0.1874 
OT3 1.3469 1.2227 0.3587 1.0985 5.7210 2.0672 0.1554 
GPi 0.1160 0.1869 0.0346 0.2701 1.0110 0.4261 0.0275 
SI 0.2894 0.7778 0.0948 0.6702 2.3782 1.3470 0.0665 
MA 0.3754 1.0315 0.1339 0.7437 2.8914 1.5033 0.0925 
LD 0.6392 0.2977 0.2937 0.5500 3.4633 0.7419 0.1088 
LP 0.5245 0.1856 0.2497 0.4749 3.0726 0.5526 0.0918 
PO 0.7192 0.1834 0.3030 0.5062 3.3981 0.6304 0.1002 
RT 0.1537 0.1664 0.0632 0.2420 1.1764 0.3381 0.0385 
VPL 0.5260 0.1820 0.2340 0.4325 2.7960 0.5515 0.0892 
VPM 0.7327 0.2327 0.3174 0.5480 3.6602 0.6931 0.1134 
SPFp 0.1620 0.1538 0.0748 0.2248 1.2829 0.2887 0.0392 
LHA 0.3084 0.7549 0.1084 0.6185 2.4001 1.1683 0.0753 
STN 0.3677 1.1411 0.1279 0.7072 2.8052 1.3514 0.0914 
ZI 0.1293 0.3420 0.0522 0.3077 1.1397 0.4663 0.0372 
IC 0.2332 0.8594 0.0915 0.5795 1.9608 1.1499 0.0649 
SCm 0.1395 0.3720 0.0592 0.3311 1.2351 0.5358 0.0402 
SCs 0.2634 0.5682 0.0921 0.5073 1.9301 0.9347 0.0600 
SNc 0.1191 0.2903 0.0451 0.2857 1.1072 0.4676 0.0344 
SNr 0.2369 0.6314 0.0728 0.5956 1.9608 1.1772 0.0555 
APN 0.1205 0.1715 0.0431 0.2084 0.9765 0.2759 0.0293 
NOT 0.1801 0.1931 0.0742 0.3042 1.4786 0.4041 0.0527 
PPN 0.1157 0.2721 0.0511 0.2495 1.0073 0.3913 0.0342 
PPT 0.1388 0.1806 0.0409 0.2240 1.1257 0.2841 0.0300 
RR 0.1554 0.2030 0.0609 0.2742 1.2103 0.3971 0.0343 
MRN 0.1032 0.2121 0.0438 0.2172 0.9243 0.3207 0.0300 
P 0.1195 0.5152 0.0481 0.3335 1.1418 0.6741 0.0387 
MY 0.1180 0.4358 0.0446 0.3162 1.0906 0.5406 0.0341 
IP 0.1812 1.2886 0.0708 0.5751 1.6830 1.2364 0.0598 
ANcr2gr 0.5235 2.3007 0.2091 0.9257 3.2116 2.8568 0.1478 
ANcr2mo 0.4039 1.7230 0.1534 0.8599 2.7839 2.1261 0.0885 
CENT3gr 0.4341 1.6080 0.1731 0.8298 2.9681 2.6808 0.1178 
CENT3mo 0.2646 0.8611 0.0911 0.5812 1.7963 1.2283 0.0545 
CUL4,5gr 0.4715 1.9956 0.1923 0.8604 2.9917 2.8039 0.1347 
CUL4,5mo 0.3153 1.1720 0.1167 0.6742 2.1586 1.5753 0.0672 
SIMgr 0.5385 2.4549 0.2310 0.9070 3.1663 2.9450 0.1521 
SIMmo 0.4428 2.0194 0.1582 0.9356 2.9152 2.4226 0.0932 
PRMgr 0.5189 2.6448 0.2263 0.9011 3.1690 2.9584 0.1535 
PRMmo 0.4343 2.2118 0.1685 0.9186 2.8567 2.3881 0.0968 
COPYgr 0.4761 2.7187 0.2155 0.9041 3.1461 3.0095 0.1487 
COPYmo 0.4639 2.3241 0.1894 0.9657 3.0446 2.4924 0.1031 
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Type 3 (PSD95 + SAP102) subtypes: subregions 

Abbreviati
on 

subtype
19 

subtype
20 

subtype
21 

subtype
22 

subtype
23 

subtype
24 

subtype
25 

subtype
26 

subtype
27 

subtype
28 

subtype
29 

subtype
30 

subtype
31 

subtype
32 

subtype
33 

subtype
34 

subtype
35 

subtype
36 

subtype
37 

ORB1 0.0696 1.1490 2.8818 0.4587 2.5513 1.5359 0.9648 0.8071 0.1488 0.9690 9.3843 3.5409 0.1297 7.2682 1.2699 1.2182 6.1155 2.8622 5.7425 
ORB2-3 0.0824 0.8267 2.5687 0.3747 2.3358 1.3974 0.9039 0.7943 0.1592 0.8295 8.2023 3.2168 0.0661 7.3079 1.2503 0.6805 5.2322 2.7289 5.2246 
ORB5 0.0743 0.6653 2.4270 0.4085 2.1380 1.2904 0.8684 0.8135 0.1491 0.8061 8.4726 2.5509 0.0911 6.4757 1.0863 0.3726 3.6770 2.4121 4.3807 
ORB6a 0.0526 0.5960 2.4202 0.5017 1.9936 1.2332 0.8586 0.7074 0.1545 0.9885 9.5448 2.2685 0.2350 4.4051 0.9118 0.2062 2.3097 2.1186 3.8406 
ORB6b 0.0141 0.3600 1.5885 0.4570 1.2686 0.7361 0.5944 0.3091 0.1190 0.8481 7.0693 1.2966 0.5713 2.0132 0.4511 0.0825 0.5708 0.9348 2.1176 
FRP1 0.0876 1.2433 2.9018 0.4251 2.6870 1.6528 1.0439 0.7816 0.1601 0.9741 8.4712 3.8385 0.0818 8.3769 1.4620 1.5015 6.3109 2.9927 6.3645 
FRP2-3 0.0868 1.0557 2.6474 0.3857 2.4085 1.4577 0.9271 0.6894 0.1736 0.9343 8.1015 3.4667 0.1194 6.6428 1.2863 0.9174 5.3273 2.6659 5.6905 
MO1 0.0968 0.9291 2.7466 0.2935 2.5831 1.6458 1.0838 0.7827 0.1505 0.9338 7.5830 3.7417 0.0321 10.8565 1.4572 1.4607 8.0833 3.1985 6.6783 
MO2-3 0.0875 0.8815 2.4959 0.2889 2.2689 1.4371 0.9146 0.7190 0.1550 0.8013 7.0881 3.2424 0.0367 7.7873 1.2203 0.9633 6.9021 2.8077 5.7280 
MO5 0.0693 0.7782 2.3332 0.3868 1.9893 1.2566 0.7806 0.7401 0.1570 0.6963 7.5846 2.3452 0.0869 5.4302 0.9456 0.4112 3.9336 2.1885 4.2199 
MO6a 0.0393 0.6045 2.2294 0.5102 1.7415 1.1231 0.7637 0.5836 0.1512 0.9503 9.0175 1.8766 0.3113 2.8638 0.7062 0.1211 1.6206 1.7224 3.4311 
MO6b 0.0148 0.3247 1.6087 0.4730 1.2941 0.7748 0.6434 0.3169 0.1210 0.8908 7.6122 1.3180 0.5533 2.1494 0.4632 0.0497 0.5158 1.0125 2.2150 
SS1 0.0815 0.9047 2.7720 0.2794 2.4936 1.6842 1.0819 0.7733 0.1409 0.9244 8.0077 3.5597 0.0354 10.9833 1.4126 1.2269 7.6129 3.3020 6.3244 
SS2-3 0.0876 0.9129 2.5300 0.2613 2.2687 1.4812 0.9236 0.6893 0.1426 0.8032 6.9538 3.3307 0.0317 8.3526 1.2274 0.9007 7.4521 2.9253 5.9093 
SS4 0.0862 0.7091 2.5050 0.2889 2.0225 1.4337 0.8539 0.7748 0.1191 0.7507 7.9264 2.6176 0.0419 6.7702 1.0937 0.3801 5.1411 2.7735 4.8133 
SS5 0.0674 0.7320 2.4521 0.3830 2.0101 1.3312 0.7841 0.7643 0.1441 0.7448 8.3408 2.2830 0.0935 5.0705 0.9142 0.2852 3.6757 2.3352 4.2020 
SS6a 0.0453 0.5722 2.3406 0.5001 1.8345 1.1826 0.8070 0.6173 0.1521 0.9974 9.7166 1.9525 0.2865 3.3028 0.7774 0.1156 1.8478 1.9560 3.5516 
SS6b 0.0175 0.2549 1.4587 0.4376 1.1755 0.6989 0.5980 0.2896 0.1221 0.8384 7.1780 1.1646 0.5115 2.0217 0.4288 0.0438 0.4737 0.9899 1.9087 
PTLp1 0.0773 0.8715 2.9109 0.2913 2.5842 1.7181 1.1927 0.7939 0.1233 1.0666 8.7619 3.7056 0.0457 11.0431 1.5110 0.9934 7.2512 3.4961 6.3974 
PTLp2-3 0.0782 0.9331 2.6971 0.2947 2.3999 1.5420 0.9794 0.6856 0.1252 0.9132 7.7847 3.4286 0.0782 7.8874 1.2810 0.7182 6.9703 3.0763 5.9069 
PTLp4 0.0638 0.8594 2.6782 0.3098 2.1711 1.5138 0.8723 0.7399 0.1055 0.8940 8.5798 2.8051 0.0695 6.5580 1.1367 0.3960 5.7182 2.9659 4.9492 
PTLp5 0.0707 0.7830 2.6052 0.3915 2.0508 1.3954 0.8091 0.7773 0.1215 0.8298 8.6667 2.3516 0.1140 5.6744 0.9505 0.2438 4.0602 2.4690 4.3693 
PTLp6a 0.0554 0.5774 2.4278 0.4470 1.9482 1.2085 0.8382 0.7206 0.1573 0.9378 9.7100 2.0438 0.2421 4.2290 0.8397 0.1258 2.3215 2.1834 3.8333 
PTLp6b 0.0176 0.3222 1.5673 0.4248 1.2366 0.7642 0.6220 0.3243 0.1599 0.7701 7.0252 1.2299 0.4360 1.9220 0.4339 0.0407 0.5595 0.9886 2.0970 
VIS1 0.0793 0.7205 2.8701 0.3963 2.5150 1.6999 1.1477 0.8524 0.1426 1.0866 9.5377 3.3532 0.1166 11.2633 1.4280 0.6074 5.2860 3.0883 5.7801 
VIS2-3 0.0766 0.7454 2.8306 0.3479 2.4975 1.6139 1.0397 0.7694 0.1216 1.0481 8.7389 3.3843 0.0867 9.9092 1.3521 0.4964 5.9274 3.1409 5.7998 
VIS4 0.0710 0.6788 2.7911 0.3542 2.3158 1.5798 0.9713 0.8068 0.1163 0.9825 9.2413 2.9717 0.0897 7.8904 1.2477 0.3340 5.0815 3.0988 5.1545 
VIS5 0.0721 0.5911 2.6238 0.3682 2.2209 1.4479 0.9099 0.8314 0.1238 0.8934 9.0554 2.5130 0.0972 8.2554 1.1182 0.2330 3.9540 2.7371 4.5095 
VIS6a 0.0601 0.4131 2.5286 0.4506 2.1025 1.3516 0.9850 0.8140 0.1491 1.1457 10.7819 2.2898 0.1798 5.9343 1.0565 0.0981 2.2662 2.5738 4.0381 
VIS6b 0.0209 0.2049 1.5016 0.4191 1.2053 0.7154 0.6124 0.3484 0.1261 0.7794 7.0101 1.1679 0.4164 2.3929 0.4619 0.0411 0.5753 1.0421 1.9416 
RSPd1 0.0701 0.4341 2.4619 0.4334 2.0916 1.3574 0.9854 0.7264 0.1662 0.9743 8.9627 2.4807 0.2323 8.7165 1.0341 0.2736 2.3899 2.0709 4.1820 
RSPd2-3 0.0786 0.4015 2.5353 0.4143 2.1726 1.4089 1.0102 0.8407 0.1474 0.9879 9.4247 2.5137 0.1582 8.7741 1.0789 0.2147 2.7841 2.4155 4.4419 
RSPd5 0.0888 0.4135 2.6469 0.4279 2.2944 1.5274 1.0723 0.9698 0.1488 1.0501 11.0868 2.4369 0.0997 7.2734 1.1437 0.1528 2.5795 2.6940 4.3967 
RSPv1 0.0742 0.3142 2.0325 0.4330 1.7054 1.0973 0.7830 0.6773 0.2034 0.6751 7.3428 1.7875 0.2759 5.9815 0.7702 0.1745 1.8473 1.4928 3.2426 
RSPv2-3 0.0853 0.1647 1.7387 0.4152 1.5654 0.8999 0.8281 0.6576 0.2286 0.6379 6.3318 1.6188 0.1999 5.7719 0.7338 0.1044 0.9968 1.2427 2.9105 
RSPv5 0.0750 0.3429 2.2193 0.4415 1.8083 1.1769 0.8406 0.7911 0.1824 0.7422 8.2396 1.8133 0.2186 4.6113 0.7041 0.1263 1.8300 1.5667 3.3732 
RSPv6a 0.0471 0.2502 1.7670 0.4219 1.5006 0.8925 0.7001 0.5813 0.1682 0.6183 7.0990 1.3160 0.2897 3.8715 0.5436 0.0633 1.0472 1.2181 2.4153 
MOBgl 0.0759 0.0047 0.5812 0.1732 0.8534 0.4109 0.8371 0.3316 0.2852 0.2626 1.6375 1.0019 0.0218 8.4309 0.8467 0.0153 0.0232 0.3632 1.5077 
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MOBopl 0.1153 0.0175 1.1284 0.2983 1.3782 0.6259 0.9413 0.6423 0.2089 0.4115 4.3100 1.1706 0.0537 10.9493 0.8968 0.0084 0.0537 0.7528 2.3068 
MOBmi 0.0577 0.0207 0.5708 0.2899 0.7524 0.2645 0.4800 0.2974 0.3479 0.1703 1.7765 0.7510 0.1106 5.1460 0.4440 0.0194 0.0405 0.2780 1.2561 
MOBipl 0.0716 0.0250 0.6528 0.2938 0.8499 0.3223 0.5843 0.3321 0.2640 0.2026 2.1129 0.9345 0.0946 6.0921 0.5628 0.0145 0.0618 0.3721 1.5101 
MOBgr 0.0377 0.0359 0.5931 0.3012 0.7587 0.2695 0.4730 0.2508 0.2262 0.2340 2.1768 0.8346 0.1644 4.5847 0.4574 0.0169 0.0528 0.3400 1.2500 
AON1 0.0890 0.2475 2.5679 0.4874 2.6429 1.4672 1.4987 1.0723 0.1279 1.4128 10.9741 3.0309 0.0774 12.0790 1.8535 0.1199 1.3805 3.0231 4.7825 
AON2 0.0903 0.2039 2.1054 0.3627 2.3518 1.1571 1.2536 0.8637 0.1848 1.0853 8.5399 2.6768 0.0422 15.6273 1.6854 0.1517 1.4583 2.5862 4.1071 
PIR1 0.1581 0.1345 1.7582 0.3081 1.9342 1.0808 1.1718 0.8542 0.2586 0.6877 5.4467 2.0144 0.0255 14.8417 1.3512 0.1072 0.8149 1.5959 3.8705 
PIR2 0.1238 0.1020 1.3306 0.3406 1.5820 0.7252 0.9247 0.6677 0.3670 0.4910 4.4791 1.6147 0.0453 11.4679 1.0188 0.0969 0.5552 1.1265 2.7068 
PIR3 0.0588 0.2647 1.8435 0.5007 1.8043 0.8820 0.8950 0.7054 0.1651 0.6895 7.8000 1.6664 0.1894 6.2829 0.8212 0.1014 0.8134 1.3474 2.7413 
CA1so 0.0612 0.2631 3.9616 0.7417 4.0955 2.2098 2.2118 1.3023 0.1191 2.6122 16.4439 5.8682 0.1505 13.5854 2.8945 0.0370 1.8034 5.1739 7.1420 
CA1sp 0.0507 0.0455 1.5653 0.4193 1.8192 0.8192 1.1266 0.5873 0.2718 1.0398 6.5834 2.1651 0.1556 5.9699 1.1129 0.0352 0.2754 1.5618 2.7308 
CA1sr 0.0742 0.4264 3.9454 0.7349 4.1381 2.1500 2.1169 1.2118 0.1214 2.6609 15.2800 6.2569 0.1441 12.4496 2.7833 0.1355 3.1875 5.1359 7.4970 
CA1slm 0.0815 0.1229 3.1338 0.7390 3.0362 1.6028 1.4814 1.2539 0.1268 1.5006 12.5757 4.0164 0.2012 7.2492 1.8321 0.0238 0.6122 2.7265 5.3640 
CA2so 0.0424 0.0269 1.9313 0.4144 2.6649 1.0957 1.8985 0.6806 0.1057 1.5354 10.5611 2.8280 0.1368 24.9796 1.7097 0.0038 0.0962 1.9273 3.3905 
CA2sp 0.0370 0.0035 0.5637 0.2657 0.8482 0.2805 0.6264 0.2599 0.3723 0.2362 2.1723 0.7962 0.0986 7.2302 0.4944 0.0509 0.0103 0.3636 0.9513 
CA2sr 0.0558 0.0410 1.9187 0.5345 2.6607 1.0281 1.9550 0.7210 0.1601 1.6415 10.2426 3.0592 0.1561 17.3377 1.6891 0.0066 0.1607 1.8600 3.4110 
CA2slm 0.0324 0.0086 3.0705 0.7052 3.6514 1.4977 2.4813 1.1116 0.0774 2.5447 17.8668 4.2870 0.1780 16.4642 2.3725 0.0035 0.0484 3.1915 4.5767 
CA3so 0.0270 0.0797 2.6467 0.8951 2.9609 1.2588 1.9914 0.7118 0.1169 2.9057 14.0765 4.0508 0.5360 5.3425 1.6096 0.0147 0.2168 2.0700 3.9785 
CA3sp 0.0660 0.0399 1.0716 0.5092 1.3937 0.4684 0.7083 0.3896 0.3955 0.6233 4.1642 1.6803 0.2761 3.1083 0.6540 0.0553 0.0570 0.5734 1.9340 
CA3sr 0.0688 0.1501 2.8001 1.0425 3.4869 1.3932 2.1620 0.9402 0.2514 2.6399 12.6236 5.0985 0.3296 6.8650 2.1622 0.0471 0.5716 2.4467 5.1080 
CA3slm 0.0449 0.0550 3.5806 1.0357 4.1192 1.7700 2.9721 1.2045 0.1202 3.8675 19.6892 6.1903 0.3027 10.7255 2.7896 0.0188 0.2376 3.4404 5.7504 
DG-mo 0.0901 0.1203 3.1330 0.6953 3.5931 1.8211 2.4444 1.0767 0.1289 3.2697 14.3625 6.2668 0.1489 20.7119 3.1857 0.0369 0.7425 4.2811 7.0851 
DG-po 0.0553 0.0525 1.4942 0.6867 1.8704 0.5981 0.9542 0.4735 0.3369 0.9729 5.4720 2.4825 0.3863 4.3415 0.8576 0.0279 0.1120 0.7739 2.6658 
DG-sg 0.0359 0.0073 0.6148 0.2544 0.8022 0.2848 0.5642 0.2409 0.2735 0.4855 2.6121 0.9694 0.1888 5.2985 0.4691 0.0166 0.0248 0.4672 1.3221 
SUB 0.0570 0.6950 2.1922 0.4346 1.9414 1.1450 0.8099 0.6534 0.1574 0.7364 7.2801 2.2410 0.2081 6.3395 0.8417 0.4009 3.4404 1.8294 3.5126 
CLA 0.0370 0.5066 2.3050 0.5215 1.9084 1.1459 0.8500 0.6155 0.1351 1.0981 9.9652 2.0868 0.3359 3.7183 0.8267 0.1523 1.6650 1.8826 3.3578 
EPd 0.0457 0.2632 1.7936 0.5101 1.7372 0.8732 0.8439 0.6356 0.1634 0.7468 7.8863 1.6453 0.2357 5.7611 0.7740 0.0922 0.7493 1.3659 2.6039 
CP 0.0219 0.8446 2.3731 0.5553 1.9049 1.2191 0.8362 0.4201 0.1367 1.5069 9.8757 2.5046 0.3956 2.1171 0.7622 0.5616 1.9118 1.7844 3.5104 
ACB 0.0680 0.4042 2.2203 0.4775 2.0935 1.2294 1.1506 0.7534 0.1873 1.2176 9.3058 2.5603 0.1317 4.8484 1.1520 0.4366 1.5370 2.1221 3.8844 
FS 0.0055 0.0344 0.4036 0.1411 0.3835 0.1775 0.2101 0.1159 0.0614 0.1883 1.7077 0.3562 0.1571 0.8326 0.1172 0.0220 0.0682 0.1838 0.5257 
OT1 0.0973 0.3587 1.9212 0.3131 1.8940 1.2351 1.1477 0.7526 0.2073 0.8708 6.3165 2.2054 0.0596 11.5376 1.2588 0.4645 2.2280 1.9280 3.9805 
OT2 0.1038 0.1656 1.6407 0.3631 1.8612 0.9357 1.2094 0.6894 0.2749 0.8984 6.5775 2.0055 0.0843 9.8411 1.2655 0.2494 0.8615 1.5771 3.2849 
OT3 0.0881 0.2433 1.9166 0.4297 2.0389 1.0703 1.2721 0.7650 0.1893 1.0493 8.4318 2.1619 0.1031 7.6823 1.2633 0.2972 1.0879 1.9128 3.3787 
GPi 0.0032 0.0097 0.2733 0.1182 0.2596 0.1161 0.1173 0.0659 0.0574 0.0857 1.0074 0.2632 0.2041 0.5791 0.0471 0.0079 0.0100 0.0748 0.3145 
SI 0.0213 0.0388 0.5513 0.2059 0.5323 0.2614 0.2984 0.2225 0.1230 0.1410 2.0309 0.4609 0.1666 1.8626 0.1689 0.0219 0.0530 0.2331 0.7732 
MA 0.0387 0.0389 0.7036 0.2608 0.7335 0.3550 0.4340 0.3390 0.1992 0.1794 2.6763 0.6487 0.1176 3.4707 0.2812 0.0351 0.0735 0.3569 1.0730 
LD 0.0176 0.0359 0.9219 0.2388 1.1307 0.4791 0.6923 0.2987 0.0721 0.6616 5.5091 1.0166 0.2343 11.0092 0.4706 0.0142 0.0539 0.7723 1.5317 
LP 0.0116 0.1016 1.0907 0.2744 1.1697 0.5235 0.6034 0.2829 0.0698 0.6643 6.4981 1.0024 0.3544 8.4080 0.4101 0.0280 0.1775 0.8853 1.4916 
PO 0.0086 0.0250 0.9094 0.2315 1.1492 0.4350 0.6755 0.2566 0.0596 0.7675 6.2854 0.9991 0.2682 8.6281 0.4429 0.0135 0.0363 0.8302 1.4175 
RT 0.0045 0.0361 0.5254 0.1708 0.4112 0.2091 0.1902 0.1053 0.0688 0.1863 2.3387 0.4665 0.3470 0.8251 0.0867 0.0085 0.0341 0.1645 0.5969 
VPL 0.0067 0.0056 0.6545 0.1797 0.8608 0.3151 0.5234 0.1843 0.0600 0.5507 4.5589 0.7585 0.2314 6.6980 0.3279 0.0079 0.0052 0.5591 1.0103 
VPM 0.0092 0.0077 0.8045 0.2105 1.1168 0.4096 0.6998 0.2447 0.0667 0.6851 5.5119 0.9726 0.2250 9.6620 0.4468 0.0100 0.0080 0.7178 1.2728 
SPFp 0.0034 0.0931 0.5798 0.1847 0.5026 0.2323 0.2236 0.0929 0.0686 0.2803 2.9671 0.4993 0.4011 2.0132 0.1255 0.0271 0.0987 0.2737 0.6257 
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LHA 0.0344 0.0831 0.7807 0.2797 0.7414 0.3769 0.4040 0.3079 0.1740 0.2150 2.9922 0.6613 0.1994 2.6461 0.2591 0.0452 0.1412 0.3762 1.1533 
STN 0.0418 0.0479 0.5845 0.2652 0.6261 0.2984 0.4127 0.2791 0.2525 0.1448 2.1115 0.6004 0.1475 3.5717 0.2773 0.0382 0.0668 0.2860 0.9908 
ZI 0.0064 0.0613 0.4986 0.1991 0.4105 0.2223 0.1859 0.1175 0.1102 0.1497 1.7199 0.4917 0.3126 0.9277 0.0953 0.0205 0.0558 0.1413 0.6813 
IC 0.0448 0.0974 0.6773 0.2797 0.6291 0.3397 0.3353 0.2733 0.2168 0.1536 2.0705 0.6558 0.1811 1.5771 0.2364 0.0364 0.1831 0.2796 1.2082 
SCm 0.0122 0.1230 0.6439 0.2370 0.4920 0.2976 0.2171 0.1369 0.1281 0.2025 2.2001 0.5553 0.3774 0.9445 0.1244 0.0326 0.1391 0.2044 0.8945 
SCs 0.0314 0.1279 0.8745 0.2871 0.7102 0.4389 0.3607 0.2837 0.1374 0.2693 3.3075 0.6931 0.2861 1.8809 0.2384 0.0395 0.2484 0.4108 1.2877 
SNc 0.0057 0.0503 0.3942 0.1633 0.3225 0.1781 0.1565 0.0742 0.0948 0.1246 1.4342 0.3471 0.3168 0.8222 0.0726 0.0166 0.0486 0.1140 0.5044 
SNr 0.0166 0.0229 0.3623 0.1788 0.3745 0.1801 0.2315 0.1417 0.1218 0.0828 1.0978 0.4127 0.1421 1.1861 0.1387 0.0115 0.0231 0.1112 0.5950 
APN 0.0039 0.0573 0.5189 0.1844 0.4073 0.2063 0.1620 0.0874 0.0704 0.2117 2.1495 0.4402 0.3782 0.9707 0.0795 0.0155 0.0607 0.1750 0.5530 
NOT 0.0068 0.1040 0.8464 0.2719 0.6036 0.3317 0.2924 0.1651 0.1087 0.3417 3.6796 0.5675 0.4704 1.6163 0.1412 0.0216 0.1201 0.3420 0.8746 
PPN 0.0039 0.0305 0.3959 0.1592 0.3418 0.1642 0.1553 0.0793 0.0873 0.1343 1.5110 0.3825 0.3039 0.8120 0.0730 0.0114 0.0260 0.1098 0.4886 
PPT 0.0020 0.0920 0.6273 0.2089 0.4671 0.2749 0.1900 0.0987 0.0784 0.2630 2.6345 0.5548 0.4529 0.9436 0.0862 0.0223 0.1119 0.2012 0.6892 
RR 0.0029 0.0462 0.5373 0.2136 0.4599 0.2239 0.2054 0.1179 0.0605 0.1963 2.1540 0.4891 0.3911 1.2231 0.0939 0.0086 0.0443 0.1697 0.6041 
MRN 0.0041 0.0770 0.4693 0.1727 0.3619 0.2014 0.1478 0.0740 0.0858 0.1671 1.7435 0.4104 0.3716 0.7833 0.0708 0.0204 0.0690 0.1336 0.5448 
P 0.0137 0.0401 0.3517 0.1660 0.3160 0.1565 0.1596 0.0774 0.1581 0.1032 1.0877 0.4033 0.2484 0.7322 0.0870 0.0185 0.0358 0.0891 0.5472 
MY 0.0059 0.0396 0.3749 0.1638 0.3252 0.1710 0.1571 0.0750 0.1164 0.1211 1.1694 0.4078 0.2452 0.6337 0.0842 0.0177 0.0384 0.0983 0.5607 
IP 0.0217 0.0130 0.3008 0.1750 0.3104 0.1449 0.2042 0.1021 0.2553 0.0820 0.8516 0.3404 0.1540 0.6699 0.1149 0.0148 0.0240 0.0849 0.4968 
ANcr2gr 0.0879 0.0546 0.5901 0.2102 0.6405 0.3898 0.5267 0.2723 0.4588 0.2499 1.3473 1.1113 0.0620 5.2010 0.5297 0.0131 0.3466 0.4220 2.2920 
ANcr2mo 0.0944 0.1219 0.7272 0.2152 0.5660 0.4241 0.3723 0.3680 0.2261 0.1943 2.0744 0.6610 0.0533 1.8179 0.3182 0.0109 0.2451 0.3768 2.0200 
CENT3gr 0.0577 0.0913 0.6946 0.2162 0.5825 0.4001 0.4250 0.3032 0.2534 0.2902 2.1823 0.9405 0.1178 2.4400 0.3496 0.0124 0.3716 0.4626 2.0687 
CENT3mo 0.0346 0.1011 0.6435 0.1811 0.4684 0.3686 0.2818 0.2359 0.1359 0.2140 2.2754 0.5379 0.1244 1.0055 0.2080 0.0079 0.1733 0.3189 1.3547 
CUL4,5gr 0.0885 0.0757 0.6746 0.2160 0.6330 0.4109 0.5077 0.3176 0.3949 0.2589 1.8017 1.1026 0.0720 3.7163 0.4760 0.0156 0.4679 0.4841 2.3604 
CUL4,5mo 0.0531 0.1025 0.6146 0.1684 0.4774 0.3737 0.3185 0.2923 0.1558 0.1889 1.9893 0.5745 0.0577 1.4857 0.2623 0.0102 0.2608 0.3645 1.5331 
SIMgr 0.0937 0.0869 0.6424 0.2103 0.6689 0.4455 0.5537 0.2974 0.5457 0.2537 1.4128 1.2753 0.0468 5.6507 0.5923 0.0257 0.6241 0.5005 2.7127 
SIMmo 0.0828 0.1208 0.5927 0.1792 0.4951 0.3691 0.3575 0.3059 0.2533 0.1575 1.6086 0.6309 0.0321 1.8962 0.3436 0.0124 0.3303 0.3460 1.7798 
PRMgr 0.0948 0.0472 0.5733 0.1945 0.6377 0.4064 0.5344 0.2905 0.5529 0.2207 1.1748 1.1899 0.0502 5.8067 0.5927 0.0170 0.3369 0.3885 2.4012 
PRMmo 0.1006 0.1052 0.6731 0.1938 0.5547 0.4230 0.3876 0.3758 0.2756 0.1770 1.8249 0.6745 0.0310 2.3152 0.3531 0.0120 0.2583 0.3545 2.0054 
COPYgr 0.1080 0.0525 0.5703 0.2168 0.6020 0.3814 0.5090 0.2920 0.6131 0.1872 1.1879 1.0717 0.0603 4.4506 0.5454 0.0153 0.3135 0.3573 2.2903 
COPYmo 0.1158 0.1089 0.7237 0.2161 0.5940 0.4537 0.4207 0.4134 0.3045 0.1848 2.0048 0.7281 0.0336 2.4144 0.3911 0.0145 0.2699 0.3883 2.1342 
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Appendix 11: Raw data for PSD95 lifetime across the lifespan. Density- and 

intensity-based PSD95 half-life estimates for 12 main brain areas and 110 brain 

subregions in 3-week, 3-month and 18-month-old mice. Mean (+/-SD) are 

provided for day 0 and day 7 time points that were used to derive the half-life 

values. 

 

PSD95 puncta density  
(/ 100um2) 

 

PSD95 puncta intensity 
 (AU) 

Half-life (days) Half-life (days) 
Abbreviation Region name 3W 3M 18M 

 

3W 3M 18M 
Isocortex Isocortex 2.8914 6.6749 8.7032 2.2351 4.2334 4.5109 

OLF Olfactory areas 1.0545 1.4549 2.1285 1.4056 2.1599 3.1255 
HPF Hippocampal Formation 1.4356 2.8663 3.3464 1.7306 2.9371 3.3642 
CTXsp Cortical subplate 1.9681 3.6261 4.4754 1.6552 2.8227 3.1601 

STR Striatum 2.156 3.8304 4.8311 1.7383 3.1348 3.2657 
PAL Pallidum 2.3821 4.2791 6.5844 1.8424 3.4009 3.931 
TH Thalamus 1.1835 1.507 2.118 1.1751 1.6344 2.0667 

HY Hypothalamus 2.2051 3.8588 4.9586 1.8757 3.1509 3.5597 
MB Midbrain 2.2709 3.5144 5.5259 1.8991 2.6206 3.9623 
P Pons 1.9698 2.7881 4.1346 1.8379 2.6664 3.2952 

MY Medulla 2.1227 2.7032 4.1113 1.7469 2.3181 2.9897 
CB Cerebellum 1.3743 2.7174 4.9656 1.2559 2.1363 2.9331 

 

 PSD95 puncta density (/ 100um2) 
 3W_Day0 3W_Day7 3M_Day0 3M_Day7 18M_Day0 18M_Day7 

Abbreviation MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 

Isocortex 65.5778 5.7815 12.2452 8.6144 55.2158 13.5333 26.6914 12.9557 61.8908 3.2056 35.4410 5.9168 
OLF 33.8431 10.6318 0.3398 0.2452 25.3013 11.8558 0.9010 0.7418 38.0384 13.3797 3.8925 4.0902 

HPF 55.5627 11.3244 1.8922 2.5450 53.2215 23.8911 9.7930 7.8127 67.0375 5.1369 15.7262 4.3704 
CTXsp 38.5330 7.3179 3.2746 2.4733 33.3836 11.8861 8.7581 6.2417 38.9142 5.2290 13.1604 3.8793 

STR 50.0348 7.3697 5.2711 4.1257 41.6642 14.4496 11.7393 7.7103 47.0993 3.9492 17.2519 4.1241 
PAL 11.1909 1.6661 1.4597 1.3318 8.3527 3.9061 2.6877 2.1835 9.9908 0.8875 4.7815 1.0782 

TH 30.9778 8.1381 0.5136 0.8874 23.1868 13.7326 0.9268 1.1626 32.1780 4.6356 3.2558 1.7134 
HY 17.0838 2.7280 1.8922 1.7444 10.4281 4.0294 2.9657 2.4710 13.1048 1.7306 4.9257 1.1734 

MB 15.5700 2.3002 1.8381 1.6870 10.8125 3.8457 2.7186 2.0357 11.1585 1.2659 4.6374 0.9371 
P 9.8394 1.5849 0.8380 0.9207 6.3674 2.6510 1.1173 1.1395 6.2929 1.0268 1.9463 0.7491 

MY 12.7588 1.3774 1.2975 1.0531 7.5928 2.3921 1.2615 1.1719 8.9744 1.0905 2.7572 0.6715 
CB 12.9209 1.3217 0.3784 0.4731 13.8160 3.0762 2.3170 1.8337 17.3000 1.6720 6.5115 1.4565 

 

 PSD95 puncta intensity (AU) 
 3W_Day0 3W_Day7 3M_Day0 3M_Day7 18M_Day0 18M_Day7 

Abbreviation MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 
Isocortex 6.3E+11 1.1E+11 7.2E+10 4.6E+10 5.9E+11 2.1E+11 1.9E+11 9.1E+10 6.7E+11 6.9E+10 2.3E+11 4.2E+10 

OLF 6.0E+10 1.7E+10 1.9E+09 1.1E+09 8.1E+10 5.0E+10 8.6E+09 6.7E+09 8.4E+10 4.3E+10 1.8E+10 7.3E+09 
HPF 9.2E+10 2.4E+10 5.5E+09 4.9E+09 8.5E+10 3.8E+10 1.6E+10 1.1E+10 1.2E+11 1.7E+10 2.9E+10 7.4E+09 

CTXsp 1.0E+10 2.1E+09 5.3E+08 4.1E+08 1.0E+10 5.3E+09 1.8E+09 1.2E+09 1.3E+10 3.0E+09 2.7E+09 8.2E+08 
STR 2.1E+11 4.3E+10 1.3E+10 1.0E+10 2.0E+11 1.0E+11 4.2E+10 2.8E+10 2.7E+11 3.7E+10 6.2E+10 1.7E+10 

PAL 1.1E+10 2.6E+09 7.9E+08 6.7E+08 8.0E+09 4.8E+09 1.9E+09 1.5E+09 1.4E+10 2.5E+09 4.0E+09 1.0E+09 

TH 5.6E+10 2.0E+10 9.0E+08 1.1E+09 4.4E+10 2.8E+10 2.3E+09 2.1E+09 6.2E+10 1.2E+10 5.9E+09 3.0E+09 
HY 1.7E+10 4.3E+09 1.3E+09 1.1E+09 1.5E+10 8.3E+09 3.1E+09 2.7E+09 1.9E+10 4.0E+09 5.0E+09 1.4E+09 

MB 5.7E+10 1.8E+10 4.5E+09 4.3E+09 5.4E+10 2.7E+10 8.5E+09 6.2E+09 5.6E+10 1.4E+10 1.6E+10 4.4E+09 
P 1.8E+10 3.1E+09 1.3E+09 1.1E+09 1.6E+10 9.1E+09 2.6E+09 2.4E+09 1.8E+10 4.8E+09 4.2E+09 1.0E+09 

MY 5.3E+10 9.2E+09 3.3E+09 2.4E+09 3.5E+10 1.5E+10 4.3E+09 4.0E+09 5.5E+10 1.2E+10 1.1E+10 4.0E+09 
CB 3.5E+10 6.4E+09 7.4E+08 7.7E+08 3.6E+10 1.4E+10 3.7E+09 3.3E+09 5.2E+10 1.4E+10 1.0E+10 4.7E+09 

 



 231 

 

PSD95 puncta density  
(/ 100um2) 

 

PSD95 puncta intensity  
(AU) 

Half-life (days) Half-life (days) 
Abbreviation Brain area 3W 3M 18M 3W 3M 18M 
ORB1 Isocortex 4.9909 13.3520 14.8222 2.9726 5.6079 5.7028 
ORB2-3 Isocortex 3.4351 8.7183 9.9095 2.2513 4.5652 5.0304 
ORB5 Isocortex 2.6971 6.1401 7.8983 1.9303 3.7529 4.1418 

ORB6a Isocortex 2.2228 4.6632 5.5640 1.7200 3.2431 3.3833 
ORB6b Isocortex 2.0000 3.5657 3.8209 1.6070 2.7836 2.6378 
FRP1 Isocortex 5.4674 12.9528 17.9857 2.9328 6.5004 5.6549 

FRP2-3 Isocortex 3.6137 11.2601 10.7578 2.4006 5.3109 4.7634 
MO1 Isocortex 5.6808 17.2564 17.5079 3.0714 5.9267 5.8895 
MO2-3 Isocortex 3.6955 11.1597 11.5869 2.3914 5.1010 5.0329 

MO5 Isocortex 2.6863 7.1301 8.8445 1.9882 4.0593 4.5106 
MO6a Isocortex 1.7877 4.8175 5.3863 1.4479 3.2826 3.2237 
MO6b Isocortex 1.6896 3.9022 4.4566 1.4062 2.9933 2.9903 

SS1 Isocortex 5.9540 11.8895 15.9240 2.9609 4.6557 5.4414 
SS2-3 Isocortex 3.9466 9.0124 11.4419 2.3647 4.0442 4.7649 
SS4 Isocortex 3.7573 5.9768 8.2615 2.1882 3.2886 4.3517 

SS5 Isocortex 2.5290 5.3255 7.6404 1.8723 3.1366 4.0752 
SS6a Isocortex 1.7339 4.5563 5.1507 1.3938 2.8161 3.2718 
SS6b Isocortex 1.5648 3.5220 3.8901 1.3297 2.3083 3.3037 

PTLp1 Isocortex 6.0996 11.8233 14.6454 2.9253 4.6770 6.2453 
PTLp2-3 Isocortex 3.8903 9.1880 10.2042 2.4996 4.5112 4.4852 
PTLp4 Isocortex 3.7355 7.3951 8.9753 2.1651 3.7674 4.1663 

PTLp5 Isocortex 2.7835 5.4533 8.0692 1.9285 3.3718 3.7657 
PTLp6a Isocortex 2.0275 4.7512 5.6414 1.5749 3.0721 3.3070 
PTLp6b Isocortex 1.7629 5.0509 4.1933 1.3917 2.8703 3.2088 

VIS1 Isocortex 5.0768 9.2777 12.2088 2.9555 4.4375 5.1829 
VIS2-3 Isocortex 3.5544 9.5695 10.0376 2.2954 4.7909 4.3742 
VIS4 Isocortex 3.2711 6.7199 9.0966 2.1120 4.1416 4.0887 

VIS5 Isocortex 2.6306 5.1949 8.3941 1.8314 3.6443 3.9547 
VIS6a Isocortex 1.7371 4.1098 5.2433 1.4104 3.0970 3.1422 
VIS6b Isocortex 1.6170 3.9730 4.2959 1.3998 3.2458 2.8680 

RSPd1 Isocortex 3.1455 5.4742 7.9726 2.1874 4.1111 4.0351 
RSPd2-3 Isocortex 2.6745 4.9986 7.4580 1.9935 4.1034 3.8453 
RSPd5 Isocortex 2.2114 4.0363 6.9076 1.7627 3.1408 3.6638 

RSPv1 Isocortex 2.6416 4.9384 5.3494 2.0008 4.0772 3.1798 
RSPv2-3 Isocortex 2.0156 3.2445 3.6099 1.5624 2.9450 2.7805 
RSPv5 Isocortex 2.4200 4.0181 5.9133 1.8248 2.9560 3.4681 

RSPv6a Isocortex 1.8970 3.1655 4.8439 1.5745 2.5524 3.1723 
MOBgl Olfactory areas 0.0000 1.0468 1.4512 0.9263 1.0705 1.5183 
MOBopl Olfactory areas 0.9298 1.1704 1.8180 0.8974 1.0201 1.5073 

MOBmi Olfactory areas 1.0820 1.3304 2.1311 1.0349 1.1159 1.7744 
MOBipl Olfactory areas 1.1082 1.4266 2.1042 1.0434 1.1042 1.6816 
MOBgr Olfactory areas 1.1859 1.3910 2.6156 1.1879 1.1918 2.1571 

AON1 Olfactory areas 2.5179 4.1269 5.4658 1.6511 2.9427 4.6796 
AON2 Olfactory areas 1.5748 3.4281 4.7824 1.4999 2.2420 4.9542 
PIR1 Olfactory areas 1.9085 3.3964 4.0985 1.5260 2.5000 2.7954 

PIR2 Olfactory areas 1.3207 2.3886 3.5812 1.2048 2.0621 2.7459 
PIR3 Olfactory areas 1.8002 3.2946 4.8473 1.6056 2.2713 3.4506 
CA1so Hippocampal formation 1.9146 4.3046 6.0703 1.5147 3.2954 3.7449 

CA1sp Hippocampal formation 1.2628 2.8858 3.5217 1.5557 3.0075 3.4140 
CA1sr Hippocampal formation 2.6520 5.5433 9.0539 2.0697 3.6909 4.5905 
CA1slm Hippocampal formation 3.1068 5.0302 8.1721 2.2311 3.4810 4.1441 

CA2so Hippocampal formation 0.8563 1.2439 1.3804 0.8565 1.2385 1.3789 
CA2sp Hippocampal formation 0.9233 1.7351 3.0391 1.1390 1.6280 3.3126 
CA2sr Hippocampal formation 1.0935 1.6193 1.6822 1.0245 1.6138 1.6373 
CA2slm Hippocampal formation 0.7879 1.1110 1.3319 0.8478 1.1439 1.3111 



 232 

CA3so Hippocampal formation 1.0589 2.1326 2.4801 0.9666 1.8739 1.9524 

CA3sp Hippocampal formation 0.9677 1.7398 2.5829 0.8819 1.6876 2.3644 
CA3sr Hippocampal formation 1.1243 2.1834 2.6226 1.0354 2.1080 2.1737 
CA3slm Hippocampal formation 1.0670 1.6346 2.0488 1.0950 1.8996 1.9102 

DG-mo Hippocampal formation 1.0647 2.2033 2.4740 1.0351 1.7717 2.2227 
DG-po Hippocampal formation 1.2528 2.5369 2.9454 1.0196 1.8965 2.3893 
DG-sg Hippocampal formation 0.0000 1.5346 2.4400 0.9082 1.5448 2.1315 

SUB Hippocampal formation 3.0834 5.7932 8.2157 2.1343 4.1857 4.7614 
CLA Cortical subplate 2.2056 3.5827 4.9481 1.7585 2.7991 3.8103 
EPd Cortical subplate 1.8688 3.5723 4.2571 1.5776 2.7052 2.7528 

CP Striatum 2.3691 4.0605 5.1560 1.8026 3.1143 3.2195 
ACB Striatum 2.0944 3.9387 4.7722 1.6784 3.0622 3.4593 
FS Striatum 2.3305 6.9889 5.4344 2.0260 3.9797 3.9712 
OT1 Striatum 2.0281 3.7526 5.3872 1.7273 2.8135 3.2943 

OT2 Striatum 1.4165 2.8917 3.6321 1.4620 2.6420 2.7813 
OT3 Striatum 1.5856 3.4192 4.1231 1.4672 2.8489 3.1490 
GPi Pallidum 2.5461 2.9260 6.6479 1.9147 3.1239 3.8390 

SI Pallidum 2.5147 4.6154 6.9671 1.8830 3.6804 4.1117 
MA Pallidum 1.6746 3.1829 4.4185 1.5187 2.3975 3.2079 
LD Thalamus 1.5487 2.1277 2.9785 1.3043 1.6461 2.4073 

LP Thalamus 1.4819 2.3118 3.0666 1.2575 2.3971 2.5175 
PO Thalamus 1.2065 1.6218 2.3477 1.1494 1.5209 2.1118 
RT Thalamus 1.8017 2.4389 3.3903 1.4098 2.1504 2.6591 

VPL Thalamus 0.9284 1.1913 1.7473 0.9084 1.3609 1.6479 
VPM Thalamus 0.6875 1.0580 1.5046 0.8355 1.1449 1.5734 
SPFp Thalamus 2.1114 3.1715 4.5258 1.7426 2.5477 3.3013 

LHA Hypothalamus 2.5120 4.3838 5.4564 1.9889 3.7648 3.6679 
STN Hypothalamus 1.4249 2.7965 3.6364 1.3576 2.0068 2.9236 
ZI Hypothalamus 1.9428 3.4043 4.8121 1.6342 2.8884 3.4647 

IC Midbrain 2.0971 2.8745 4.6801 1.6939 2.3748 3.7358 
SCm Midbrain 2.3659 4.1152 5.3950 2.1982 2.7283 4.0249 
SCs Midbrain 2.1903 3.7384 5.8211 2.1887 2.4168 3.9618 

SNc Midbrain 2.1804 3.0771 4.4743 1.8517 2.8529 3.5152 
SNr Midbrain 2.9700 4.8254 6.9738 2.3312 4.1050 4.7251 
APN Midbrain 1.5617 2.7921 3.2606 1.5337 1.9074 2.9374 

NOT Midbrain 1.8310 3.5699 3.9203 1.7456 2.3931 3.9782 
PPN Midbrain 2.0967 3.5058 5.4346 1.8808 2.5985 3.7439 
PPT Midbrain 1.8745 3.5163 4.3619 1.9146 2.4626 3.2065 

RR Midbrain 2.0323 4.1025 5.3803 1.8193 2.8559 3.7511 
MRN Midbrain 2.3494 4.0625 6.0547 1.8429 2.9326 4.3434 
P Pons 1.9698 2.7881 4.1346 1.8379 2.6664 3.2952 

MY Medulla 2.1227 2.7032 4.1113 1.7469 2.3181 2.9897 
IP Cerebellum 0.9099 1.4301 2.0627 1.0571 1.5358 2.4695 
ANcr2gr Cerebellum 1.0097 2.7906 4.6643 0.8912 2.1195 2.6225 

ANcr2mo Cerebellum 1.6223 2.8422 6.4360 1.2881 2.3812 2.9576 
CENT3gr Cerebellum 1.0906 2.3842 4.0366 1.0363 1.6764 2.5977 
CENT3mo Cerebellum 1.8086 2.5211 5.2004 1.6180 1.8116 2.7305 

CUL4,5gr Cerebellum 1.1499 2.5513 4.2952 0.9835 1.8764 3.1993 
CUL4,5mo Cerebellum 1.8322 2.6272 5.5281 1.4674 2.0031 3.3444 
SIMgr Cerebellum 1.0052 3.3213 5.4354 0.9190 2.6965 3.3374 

SIMmo Cerebellum 1.7120 3.2498 6.4347 1.4259 2.5942 3.5642 
PRMgr Cerebellum 0.9993 2.7548 5.1671 0.9117 2.0680 2.8397 
PRMmo Cerebellum 1.6319 3.3380 7.8743 1.3513 2.4793 3.1324 

COPYgr Cerebellum 1.0026 2.7613 4.8261 0.9512 2.2138 3.1663 
COPYmo Cerebellum 1.6867 2.9514 7.3338 1.3384 2.6319 3.8298 
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 PSD95 puncta density (/ 100um2) 
 3W_Day0 3W_Day7 3M_Day0 3M_Day7 18M_Day0 18M_Day7 

Abbreviation MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 
ORB1 84.0402 6.0638 31.7888 14.7893 62.8687 11.4417 43.7134 10.1226 67.3835 5.0799 48.5722 7.7371 

ORB2-3 72.1464 5.1809 17.5703 10.3405 59.3126 13.8279 33.9976 11.1842 65.3183 4.9435 40.0303 6.4363 
ORB5 63.6316 5.9118 10.5287 7.1022 53.5819 14.6930 24.3127 10.3227 60.7122 3.5916 32.8460 5.7014 

ORB6a 52.2784 6.6439 5.8928 4.5986 45.3404 14.9908 16.0179 8.9564 51.5216 4.6193 21.5409 4.9507 
ORB6b 21.4088 5.6506 1.8922 1.8558 23.0066 12.1634 5.9005 4.5664 12.6182 5.0425 3.5441 2.2158 

FRP1 81.5127 8.0361 33.5593 13.1098 62.1839 11.9902 42.7557 19.7491 67.2321 6.0580 51.3353 6.7722 
FRP2-3 71.7332 6.7625 18.7327 10.2934 59.0363 14.7934 38.3689 10.6226 67.6538 4.8307 43.0938 5.9540 

MO1 85.5404 9.9548 36.4111 13.0883 67.2778 12.1222 50.7879 10.8619 72.3573 4.9794 54.8434 8.5199 

MO2-3 74.2548 5.8186 19.9761 11.1657 61.1267 14.6468 39.5738 11.9611 68.8108 3.0443 45.2683 7.2966 
MO5 64.1722 5.4570 10.5422 7.5069 50.6986 15.8797 25.6720 10.3920 57.3495 2.7197 33.1343 5.8834 

MO6a 48.9536 5.4819 3.2438 2.8689 38.9490 15.8529 14.2262 8.0768 41.6389 3.1833 16.9156 4.8425 
MO6b 11.4613 2.3879 0.6488 0.6116 21.7451 15.3823 6.2713 4.9863 6.8876 2.7225 2.3187 1.3667 

SS1 84.9998 10.6400 37.6275 17.0731 69.6685 13.4310 46.3238 25.0742 73.1249 4.8940 53.9183 9.7246 
SS2-3 72.0923 6.5896 21.0844 13.2390 64.4906 9.8576 37.6429 19.2467 69.6541 3.7211 45.5807 8.1516 

SS4 71.2409 6.1658 19.5841 12.7786 62.1959 12.6550 27.6182 17.2005 67.9782 3.9078 37.7837 9.4773 
SS5 63.3342 6.2188 9.2988 8.1391 54.6272 14.2378 21.9648 13.4972 60.8960 3.3905 32.2693 7.0826 

SS6a 48.8184 6.3643 2.9734 3.3376 42.2048 16.2173 14.5505 10.6408 43.6068 4.2118 16.9997 4.8378 
SS6b 8.4067 2.1769 0.3784 0.5005 19.9070 16.6429 5.0201 4.5660 5.6874 0.4536 1.6339 0.6127 

PTLp1 87.1352 9.8820 39.3305 18.6506 69.1760 21.4804 45.8913 25.4664 76.2173 7.0155 54.7233 11.9260 
PTLp2-3 73.9034 5.7316 21.2330 14.1531 64.4065 14.0416 37.9828 20.0892 72.4221 6.4712 45.0160 10.0399 

PTLp4 70.5921 6.7118 19.2598 12.5070 63.4093 11.2112 32.9009 20.0404 70.2596 4.7075 40.9193 9.0935 

PTLp5 67.8214 7.5716 11.8667 9.4722 62.1599 10.2356 25.5329 15.7972 66.8537 5.0935 36.6424 8.6841 
PTLp6a 52.9677 6.7934 4.8386 4.1852 49.0647 12.8816 17.6707 12.5484 50.3971 4.6194 21.3247 6.8362 

PTLp6b 11.2315 5.3906 0.7163 0.9192 21.1925 15.8660 8.1094 6.8836 7.2984 2.4605 2.2947 1.2642 
VIS1 85.9729 7.1791 33.0592 18.8707 71.0622 12.7020 42.1224 20.1843 73.6331 4.3615 49.4852 7.5459 

VIS2-3 73.7818 6.9417 18.8408 14.2568 60.9104 20.8680 36.6853 18.2710 72.0221 5.8424 44.4153 7.4946 
VIS4 71.4841 8.6563 16.2188 12.6227 60.3217 21.9105 29.3019 17.0043 70.5948 4.2695 41.4119 7.2120 

VIS5 64.2803 7.6933 10.1638 8.7605 61.6313 10.2049 24.2200 15.0627 67.2429 4.8514 37.7236 6.5280 
VIS6a 50.3322 8.3634 3.0816 2.9937 52.2604 8.9228 16.0488 12.0092 58.3443 5.5862 23.1267 5.9229 

VIS6b 19.0165 6.3786 0.9461 0.9804 25.1451 13.2869 7.4143 7.7335 17.9163 2.8694 5.7907 2.3825 
RSPd1 74.2008 11.2688 15.8673 13.3076 60.2256 12.7867 24.8224 13.9231 63.0153 5.8445 34.2876 6.5680 

RSPd2-3 64.5236 10.2587 10.5152 9.7348 59.2044 11.7267 22.4282 14.0816 65.5562 7.6500 34.2035 6.2843 
RSPd5 56.8738 10.9034 6.3388 5.7957 58.1232 13.7759 17.4699 11.9389 65.8914 6.9552 32.6417 7.4319 

RSPv1 60.8203 12.2722 9.6907 7.1601 39.6098 10.6863 14.8286 10.1971 44.5475 3.4044 17.9848 3.9757 

RSPv2-3 39.3170 11.1111 3.5411 3.3916 28.4609 11.0648 6.3794 6.2579 35.1514 4.1510 9.1666 2.1999 
RSPv5 52.5893 10.1196 7.0822 6.0583 46.3496 16.3436 13.8554 10.9998 46.9695 5.3870 20.6759 4.9652 

RSPv6a 37.3302 6.5944 2.8923 2.8553 34.3357 15.0227 7.4143 6.6439 36.0489 6.5760 13.2393 4.9755 
MOBgl 14.4888 4.3659 0.0000 0.0000 16.7130 9.2859 0.1622 0.1081 16.6204 3.7402 0.5870 0.1635 

MOBopl 39.9342 8.1083 0.2163 0.2497 29.5954 12.3101 0.4685 0.4621 36.2579 2.6438 2.5139 1.1263 
MOBmi 10.9515 1.4650 0.1236 0.1701 11.0596 4.0576 0.2883 0.3256 15.3538 2.3886 1.5755 0.6453 

MOBipl 17.2382 3.8028 0.2163 0.3058 14.0563 4.5172 0.4685 0.4621 18.5975 2.2732 1.8536 0.7682 
MOBgr 11.0905 1.5226 0.1854 0.2627 11.1214 3.5966 0.3398 0.4972 13.5156 1.4587 2.1144 0.9161 

AON1 53.1048 16.7910 7.7309 5.9639 53.3732 21.3477 16.4710 10.4424 68.4756 6.8892 28.1846 8.1997 
AON2 53.8327 8.4903 2.4714 1.7870 47.7913 20.1546 11.6054 8.8156 55.3708 4.9490 20.0752 8.1883 

PIR1 59.0903 11.0400 4.6494 2.8354 43.6149 15.7735 10.4521 6.5858 57.9310 5.9190 17.7325 8.3081 
PIR2 32.8700 4.7631 0.8341 0.7840 27.1123 13.0034 3.5501 2.8430 33.8431 3.7405 8.7311 4.2265 

PIR3 48.5752 8.0160 3.2798 2.9695 32.6943 14.3397 7.4967 5.6832 42.9905 5.4945 15.7998 4.6274 

CA1so 87.9211 15.2915 6.9741 8.5159 78.1984 29.9527 25.3321 18.7213 96.1880 7.2264 43.2500 12.1978 
CA1sp 13.8670 4.3330 0.2973 0.4615 20.7480 11.1490 3.8616 3.8833 30.3507 5.5213 7.6528 3.3465 

CA1sr 93.3119 13.2149 14.9753 13.1356 73.9815 24.8801 30.8311 18.9683 86.7054 5.0191 50.7347 10.5351 
CA1slm 86.5946 8.0399 18.1650 16.8358 63.1810 25.1845 24.0810 19.6760 76.6390 4.9802 42.3249 9.3461 

CA2so 50.7647 20.1182 0.1757 0.2828 45.0521 27.2038 0.9113 1.0628 65.4156 12.9100 1.9463 0.9865 
CA2sp 5.1765 2.6081 0.0270 0.0765 3.7964 2.8234 0.2317 0.3085 7.5904 2.4713 1.5378 0.9329 

CA2sr 43.4122 18.8050 0.5136 0.9457 33.3866 20.7457 1.6682 1.7467 54.8086 10.5059 3.0635 1.9783 
CA2slm 76.6471 17.8272 0.1622 0.3790 47.4789 28.1930 0.6024 0.7059 77.5581 11.5179 2.0303 2.0392 

CA3so 35.6542 12.8494 0.3649 0.7467 30.3591 16.6347 3.1202 3.1059 43.0878 9.4277 6.0910 3.1421 
CA3sp 12.2046 2.9894 0.0811 0.1609 13.8160 7.9804 0.8496 0.9800 17.6893 3.8429 2.7031 1.4118 

CA3sr 42.4931 12.9284 0.5677 1.1263 33.6389 16.0682 3.6454 3.5515 47.9102 7.9497 7.5327 4.4561 
CA3slm 61.2393 17.7545 0.6488 1.2609 42.9857 24.5085 2.2088 2.2193 60.6798 10.9079 5.6826 3.8320 

DG-mo 61.8475 16.9581 0.6488 0.9808 64.4065 33.2548 7.1208 6.0300 87.4407 8.2424 12.3022 3.6229 
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DG-po 23.3955 6.3994 0.4866 0.8235 21.6490 10.0536 3.1974 3.0119 30.3831 4.1135 5.8508 3.2574 

DG-sg 2.2571 0.9381 0.0000 0.0000 5.1059 3.2955 0.2163 0.2163 10.5314 2.7487 1.4417 0.9238 
SUB 53.7246 7.0471 11.1369 9.2734 46.5418 11.0010 20.1421 10.8034 50.3754 3.9706 27.9083 3.5403 

CLA 40.1414 8.2146 4.4486 3.5793 40.0333 14.2867 10.3337 8.1685 42.4391 6.6201 15.9184 4.3726 
EPd 38.1276 6.8582 2.8421 2.1314 29.4370 11.3110 7.5688 5.2776 37.4329 5.3346 11.9748 3.4405 

CP 52.6028 8.5199 6.7848 5.6709 44.5956 14.7478 13.5002 8.4530 48.8293 3.0391 19.0540 5.0950 
ACB 51.2648 6.1818 5.0548 3.8855 40.9794 15.8279 11.9555 8.2068 48.9158 4.5633 17.6965 4.5135 

FS 5.3116 1.7677 0.6623 0.7891 5.1089 4.2363 1.5138 1.5189 4.6061 1.3468 1.8862 1.0746 

OT1 53.4002 9.8925 4.8811 3.1433 41.7603 12.9649 11.4613 5.9788 46.8073 5.8326 19.0180 3.7379 
OT2 33.2349 8.0965 1.0813 0.7594 27.0177 12.1266 5.0458 2.9923 37.0112 7.6201 9.7313 2.0686 

OT3 36.8977 10.9184 1.7300 1.2794 30.7616 13.3741 7.4426 3.9665 40.6874 8.0532 12.5425 2.6879 
GPi 5.2711 2.5376 0.7839 0.9097 5.6766 6.3583 1.0813 1.1027 5.6333 0.7904 2.7151 0.7577 

SI 13.0291 2.0013 1.8922 1.6048 8.8392 4.1668 3.0893 2.3614 11.7640 1.3760 5.8628 1.1866 
MA 17.1513 2.4959 0.9461 1.0006 12.2722 4.8060 2.6722 2.2618 14.5536 1.3707 4.8536 1.2190 

LD 41.2362 8.0684 1.7976 2.7855 32.3294 17.6326 3.3055 3.9751 47.0452 5.6750 9.2267 4.9658 
LP 37.8573 9.7851 1.4327 1.8564 28.7252 15.1844 3.5218 2.9853 42.7310 6.5053 8.7822 4.4790 

PO 36.1948 10.1850 0.6488 1.0966 30.1549 17.2848 1.5138 1.7613 38.1465 5.5012 4.8296 2.6639 
RT 16.7748 2.2915 1.1353 1.3014 10.1638 4.7991 1.3902 1.4870 11.8613 1.1051 2.8353 1.2302 

VPL 30.1823 6.6686 0.1622 0.3790 18.1410 12.2551 0.3089 0.4299 28.9559 5.8128 1.8021 1.1132 
VPM 31.3968 10.1782 0.0270 0.0765 24.2440 15.1153 0.2471 0.3625 35.6488 6.6105 1.4176 0.9798 

SPFp 20.7195 4.5317 2.0814 2.2679 14.6930 6.3266 3.1820 2.6857 15.5484 2.1101 5.3222 1.7043 

LHA 18.6516 2.7348 2.7031 2.2144 10.9326 4.4359 3.6145 2.8077 16.0782 3.7580 6.6076 1.1651 
STN 17.0973 2.4591 0.5677 0.6832 12.4344 5.8493 2.1934 2.3280 13.3210 1.5162 3.5081 1.4737 

ZI 14.1238 3.4411 1.1623 1.2816 9.2507 3.3182 2.2243 1.9965 10.1421 1.3191 3.7003 1.0396 
IC 19.6788 2.3745 1.9463 1.8993 14.3686 5.3542 2.6568 2.0881 14.2293 2.3663 5.0458 0.9910 

SCm 19.5436 3.7204 2.5139 2.2322 11.1489 3.9949 3.4291 2.4352 12.5209 1.4324 5.0939 1.1138 
SCs 27.2475 4.1500 2.9734 2.5892 18.3813 6.5939 5.0201 3.7236 19.3544 1.6951 8.4097 2.1879 

SNc 10.7584 2.0862 1.1623 1.1203 6.7278 2.9620 1.3902 1.2785 7.8174 0.9858 2.6431 0.7316 
SNr 7.8931 1.4758 1.5408 1.2419 5.9108 2.4609 2.1625 1.6563 7.3958 1.1659 3.6883 0.6890 

APN 18.1245 4.7659 0.8109 0.9373 10.8005 4.6237 1.8999 1.6157 15.4294 8.1540 3.4840 1.0837 
NOT 21.2330 4.6735 1.5002 1.3707 11.7256 4.9307 3.0121 2.8989 17.6028 4.0440 5.1059 1.9744 

PPN 11.7586 2.2172 1.1623 1.2972 7.5207 2.4698 1.8845 1.5429 8.3905 1.8653 3.4360 0.8476 
PPT 17.4487 3.4060 1.3110 1.3609 10.6203 4.0191 2.6722 2.2721 13.1913 2.3474 4.3370 1.8762 

RR 14.1238 1.8790 1.2975 1.3967 9.0224 2.6994 2.7649 1.9955 10.9531 2.4231 4.4451 0.8808 

MRN 15.1375 2.6308 1.9192 1.7623 9.5871 3.2311 2.9039 2.0737 10.1205 1.1343 4.5413 1.0649 
P 9.8394 1.5849 0.8380 0.9207 6.3674 2.6510 1.1173 1.1395 6.2929 1.0268 1.9463 0.7491 

MY 12.7588 1.3774 1.2975 1.0531 7.5928 2.3921 1.2615 1.1719 8.9744 1.0905 2.7572 0.6715 
IP 5.5955 1.5354 0.0270 0.0765 3.6763 1.4222 0.1236 0.1156 4.2926 0.7209 0.4085 0.1691 

ANcr2gr 10.5692 1.3662 0.0865 0.1184 14.3961 2.7921 2.5301 1.5474 17.0477 1.1699 6.0241 1.2956 
ANcr2mo 16.3539 2.4437 0.8218 1.0416 15.1015 3.2865 2.7392 2.3820 19.8770 3.0463 9.3528 2.0739 

CENT3gr 10.5692 1.7774 0.1236 0.1701 14.8942 4.4170 1.9463 1.7657 18.8246 1.5772 5.6585 1.7568 
CENT3mo 14.6278 1.6944 1.0002 1.1784 15.0294 4.5287 2.1934 1.7982 18.6299 2.3425 7.3285 1.6635 

CUL4,5gr 11.0288 1.3026 0.1622 0.1917 15.7262 4.4276 2.3479 2.1604 20.5221 1.5340 6.6317 1.5367 
CUL4,5mo 14.8942 1.4411 1.0542 1.2147 14.8852 3.7048 2.3479 1.8537 19.3760 2.3649 8.0553 1.8267 

SIMgr 10.7990 1.4763 0.0865 0.1184 16.5895 2.4899 3.8493 2.9548 18.3813 2.3858 7.5282 1.4598 
SIMmo 15.6376 2.2790 0.9191 1.0649 12.9930 1.5838 2.9194 2.1589 16.6242 1.9357 7.8210 1.0805 

PRMgr 11.1098 1.0056 0.0865 0.1184 15.8583 2.1783 2.7248 1.7000 18.4353 1.2342 7.2083 1.7550 

PRMmo 17.7595 1.9044 0.9083 1.1884 13.5697 7.3976 3.1717 3.0378 19.8229 3.6537 10.7044 2.0468 
COPYgr 10.9341 0.8038 0.0865 0.1184 13.1604 4.0580 2.2706 1.5544 16.3114 1.7957 5.9685 1.2001 

COPYmo 16.8945 1.6242 0.9515 1.1605 14.5505 4.0605 2.8113 3.9757 19.2771 2.3405 9.9475 1.4982 
 

 

 



 235 

 

 PSD95 puncta intensity (AU) 
 3W_Day0 3W_Day7 3M_Day0 3M_Day7 18M_Day0 18M_Day7 

Abbreviation MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD MEAN SD 
ORB1 2.0E+10 2.7E+09 3.8E+09 2.1E+09 2.0E+10 7.9E+09 8.3E+09 3.4E+09 2.1E+10 4.4E+09 8.8E+09 1.9E+09 

ORB2-3 4.0E+10 6.6E+09 4.6E+09 3.1E+09 3.5E+10 1.4E+10 1.2E+10 4.4E+09 3.8E+10 4.5E+09 1.4E+10 3.3E+09 

ORB5 2.9E+10 4.9E+09 2.4E+09 1.8E+09 2.6E+10 1.2E+10 7.2E+09 3.6E+09 3.4E+10 5.9E+09 1.1E+10 2.5E+09 
ORB6a 1.9E+10 3.7E+09 1.1E+09 9.7E+08 1.8E+10 8.2E+09 4.0E+09 2.5E+09 2.3E+10 3.8E+09 5.6E+09 1.5E+09 

ORB6b 1.3E+09 4.1E+08 6.4E+07 5.6E+07 1.7E+09 9.9E+08 2.9E+08 2.3E+08 1.1E+09 3.7E+08 1.7E+08 8.3E+07 
FRP1 3.9E+09 6.4E+08 7.4E+08 3.7E+08 3.6E+09 1.9E+09 1.7E+09 8.3E+08 4.4E+09 9.2E+08 1.9E+09 4.8E+08 

FRP2-3 4.6E+09 9.7E+08 6.0E+08 3.7E+08 4.5E+09 2.1E+09 1.8E+09 8.3E+08 5.2E+09 1.0E+09 1.9E+09 4.0E+08 
MO1 3.3E+10 6.8E+09 6.9E+09 3.3E+09 3.8E+10 1.4E+10 1.7E+10 7.0E+09 4.1E+10 5.8E+09 1.8E+10 3.4E+09 

MO2-3 8.9E+10 1.7E+10 1.2E+10 7.4E+09 8.4E+10 3.3E+10 3.2E+10 1.4E+10 9.1E+10 1.2E+10 3.5E+10 6.3E+09 
MO5 7.5E+10 1.6E+10 6.5E+09 5.2E+09 6.6E+10 2.8E+10 2.0E+10 1.0E+10 7.4E+10 7.8E+09 2.5E+10 5.5E+09 

MO6a 1.4E+10 3.6E+09 5.0E+08 4.5E+08 1.4E+10 7.2E+09 3.1E+09 2.0E+09 1.4E+10 1.8E+09 3.0E+09 9.0E+08 
MO6b 5.0E+08 1.5E+08 1.6E+07 1.5E+07 1.5E+09 1.2E+09 2.9E+08 2.4E+08 3.9E+08 1.4E+08 7.8E+07 5.0E+07 

SS1 1.9E+10 3.1E+09 3.8E+09 1.9E+09 2.1E+10 7.9E+09 7.5E+09 4.7E+09 2.4E+10 2.3E+09 9.8E+09 2.3E+09 
SS2-3 4.7E+10 9.5E+09 6.0E+09 4.2E+09 4.4E+10 1.4E+10 1.3E+10 7.6E+09 4.6E+10 4.7E+09 1.6E+10 3.4E+09 

SS4 1.5E+10 2.8E+09 1.6E+09 1.1E+09 1.3E+10 4.8E+09 3.0E+09 2.0E+09 1.4E+10 1.3E+09 4.6E+09 1.3E+09 

SS5 4.0E+10 7.8E+09 3.0E+09 2.7E+09 3.6E+10 1.3E+10 7.6E+09 4.9E+09 4.3E+10 4.1E+09 1.3E+10 3.3E+09 
SS6a 1.2E+10 2.4E+09 3.7E+08 4.1E+08 1.3E+10 6.4E+09 2.2E+09 1.7E+09 1.2E+10 2.1E+09 2.8E+09 9.2E+08 

SS6b 3.4E+08 8.4E+07 8.8E+06 1.0E+07 9.7E+08 9.4E+08 1.2E+08 1.1E+08 3.3E+08 1.4E+08 7.5E+07 5.1E+07 
PTLp1 3.5E+09 6.4E+08 6.6E+08 3.4E+08 3.7E+09 1.8E+09 1.3E+09 8.1E+08 3.6E+09 7.1E+08 1.7E+09 4.4E+08 

PTLp2-3 5.8E+09 9.6E+08 8.3E+08 5.8E+08 5.6E+09 1.6E+09 1.9E+09 1.1E+09 6.2E+09 7.7E+08 2.1E+09 4.6E+08 
PTLp4 1.7E+09 4.3E+08 1.8E+08 1.3E+08 1.5E+09 4.0E+08 4.2E+08 2.8E+08 1.8E+09 2.1E+08 5.7E+08 1.5E+08 

PTLp5 4.0E+09 8.7E+08 3.3E+08 2.7E+08 3.7E+09 8.6E+08 8.8E+08 5.8E+08 4.8E+09 4.6E+08 1.3E+09 3.3E+08 
PTLp6a 1.3E+09 3.3E+08 5.9E+07 5.6E+07 1.4E+09 6.4E+08 3.0E+08 2.3E+08 1.5E+09 2.8E+08 3.4E+08 1.1E+08 

PTLp6b 4.0E+07 2.1E+07 1.2E+06 1.4E+06 1.1E+08 9.7E+07 2.0E+07 1.9E+07 4.7E+07 3.5E+07 1.0E+07 5.9E+06 
VIS1 2.5E+10 5.0E+09 4.9E+09 3.0E+09 2.6E+10 6.7E+09 8.6E+09 4.2E+09 2.8E+10 4.2E+09 1.1E+10 2.5E+09 

VIS2-3 4.4E+10 1.0E+10 5.3E+09 4.4E+09 4.0E+10 1.7E+10 1.5E+10 7.4E+09 4.7E+10 9.2E+09 1.5E+10 2.7E+09 
VIS4 1.7E+10 4.1E+09 1.7E+09 1.4E+09 1.4E+10 5.7E+09 4.4E+09 2.7E+09 1.7E+10 2.4E+09 5.1E+09 9.5E+08 

VIS5 3.1E+10 7.3E+09 2.2E+09 2.0E+09 2.9E+10 8.4E+09 7.6E+09 4.8E+09 3.7E+10 5.9E+09 1.1E+10 2.0E+09 

VIS6a 1.1E+10 2.7E+09 3.5E+08 3.6E+08 1.2E+10 3.4E+09 2.5E+09 1.9E+09 1.5E+10 2.8E+09 3.2E+09 9.0E+08 
VIS6b 9.8E+08 3.8E+08 3.1E+07 2.9E+07 1.4E+09 7.6E+08 3.2E+08 3.2E+08 1.4E+09 2.3E+08 2.6E+08 1.1E+08 

RSPd1 1.6E+09 6.1E+08 1.7E+08 1.3E+08 1.4E+09 6.1E+08 4.4E+08 2.9E+08 1.6E+09 6.7E+08 4.8E+08 1.6E+08 
RSPd2-3 4.8E+09 1.1E+09 4.3E+08 4.0E+08 3.4E+09 1.5E+09 1.0E+09 6.6E+08 4.1E+09 1.2E+09 1.2E+09 2.7E+08 

RSPd5 9.5E+08 3.1E+08 6.1E+07 5.4E+07 7.8E+08 3.4E+08 1.7E+08 1.1E+08 1.1E+09 2.9E+08 3.0E+08 7.4E+07 
RSPv1 5.0E+09 2.2E+09 4.4E+08 3.3E+08 2.1E+09 8.9E+08 6.4E+08 5.6E+08 3.1E+09 1.2E+09 6.7E+08 2.1E+08 

RSPv2-3 3.2E+09 1.4E+09 1.4E+08 1.3E+08 1.2E+09 5.5E+08 2.3E+08 2.4E+08 2.0E+09 4.9E+08 3.5E+08 9.5E+07 
RSPv5 4.0E+09 1.7E+09 2.8E+08 2.6E+08 2.4E+09 1.2E+09 4.7E+08 4.2E+08 2.9E+09 5.7E+08 7.1E+08 2.0E+08 

RSPv6a 2.4E+09 7.0E+08 1.1E+08 9.8E+07 2.1E+09 1.1E+09 3.1E+08 2.9E+08 2.3E+09 5.0E+08 5.0E+08 2.0E+08 
MOBgl 4.3E+09 1.2E+09 2.3E+07 1.7E+07 5.7E+09 4.7E+09 6.2E+07 3.8E+07 1.0E+10 4.8E+09 4.2E+08 1.8E+08 

MOBopl 1.2E+10 3.7E+09 5.6E+07 4.6E+07 1.6E+10 1.3E+10 1.4E+08 1.1E+08 2.8E+10 8.9E+09 1.1E+09 6.6E+08 
MOBmi 1.4E+09 4.8E+08 1.2E+07 1.1E+07 1.5E+09 1.1E+09 2.0E+07 1.9E+07 2.8E+09 6.2E+08 1.8E+08 8.6E+07 

MOBipl 1.6E+09 4.5E+08 1.5E+07 1.4E+07 2.1E+09 1.5E+09 2.5E+07 2.4E+07 3.5E+09 1.1E+09 2.0E+08 9.5E+07 

MOBgr 4.2E+09 3.0E+09 7.0E+07 9.6E+07 5.3E+09 2.6E+09 9.1E+07 1.6E+08 9.6E+09 7.5E+09 1.0E+09 7.6E+08 
AON1 1.7E+10 6.0E+09 9.0E+08 5.1E+08 2.5E+10 1.4E+10 4.7E+09 3.7E+09 2.2E+10 1.3E+10 7.7E+09 3.6E+09 

AON2 9.3E+09 2.5E+09 3.7E+08 4.1E+08 1.7E+10 9.4E+09 1.9E+09 1.7E+09 9.5E+09 4.6E+09 3.6E+09 2.4E+09 
PIR1 8.3E+09 1.3E+09 3.4E+08 2.0E+08 6.6E+09 4.2E+09 9.5E+08 6.2E+08 9.8E+09 1.3E+09 1.7E+09 8.9E+08 

PIR2 5.4E+09 5.5E+08 9.7E+07 8.0E+07 4.1E+09 2.6E+09 3.9E+08 2.8E+08 6.7E+09 1.4E+09 1.1E+09 5.1E+08 
PIR3 3.0E+09 6.1E+08 1.4E+08 1.4E+08 2.8E+09 1.8E+09 3.3E+08 2.4E+08 4.3E+09 8.7E+08 1.1E+09 6.3E+08 

CA1so 1.3E+10 3.7E+09 5.3E+08 5.9E+08 1.2E+10 5.1E+09 2.7E+09 2.0E+09 1.8E+10 2.1E+09 4.8E+09 1.3E+09 
CA1sp 1.8E+09 5.4E+08 7.9E+07 9.3E+07 1.8E+09 8.9E+08 3.7E+08 2.7E+08 2.5E+09 3.1E+08 5.9E+08 2.3E+08 

CA1sr 2.1E+10 5.1E+09 2.0E+09 1.7E+09 2.0E+10 8.5E+09 5.5E+09 3.5E+09 2.7E+10 2.4E+09 9.5E+09 2.2E+09 
CA1slm 1.2E+10 1.9E+09 1.4E+09 1.3E+09 7.9E+09 3.7E+09 2.0E+09 1.6E+09 1.0E+10 9.9E+08 3.2E+09 8.0E+08 

CA2so 6.0E+08 2.8E+08 2.1E+06 2.9E+06 5.9E+08 3.8E+08 1.2E+07 1.2E+07 9.4E+08 2.5E+08 2.8E+07 1.6E+07 
CA2sp 8.0E+07 3.2E+07 1.1E+06 1.8E+06 7.7E+07 6.2E+07 3.9E+06 4.2E+06 1.2E+08 4.7E+07 2.7E+07 1.8E+07 

CA2sr 7.7E+08 3.3E+08 6.7E+06 9.1E+06 6.5E+08 4.3E+08 3.2E+07 3.5E+07 1.1E+09 2.1E+08 5.5E+07 3.4E+07 

CA2slm 7.6E+08 1.8E+08 2.5E+06 4.0E+06 9.0E+08 6.2E+08 1.3E+07 1.5E+07 9.9E+08 2.0E+08 2.4E+07 2.3E+07 
CA3so 2.1E+09 9.1E+08 1.4E+07 2.5E+07 1.7E+09 1.0E+09 1.3E+08 1.2E+08 3.1E+09 9.2E+08 2.6E+08 1.7E+08 

CA3sp 1.0E+09 3.5E+08 4.2E+06 7.0E+06 1.1E+09 7.1E+08 6.1E+07 6.5E+07 1.5E+09 4.1E+08 1.9E+08 1.1E+08 
CA3sr 2.9E+09 1.1E+09 2.7E+07 3.6E+07 2.1E+09 1.1E+09 2.1E+08 2.1E+08 4.5E+09 1.0E+09 4.8E+08 3.3E+08 

CA3slm 5.0E+08 2.1E+08 6.0E+06 1.0E+07 4.2E+08 2.4E+08 3.3E+07 3.8E+07 6.9E+08 2.5E+08 5.4E+07 3.0E+07 
DG-mo 2.0E+10 6.7E+09 1.9E+08 2.1E+08 2.1E+10 1.1E+10 1.4E+09 1.1E+09 3.3E+10 5.9E+09 3.7E+09 1.6E+09 
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DG-po 1.3E+09 5.0E+08 1.1E+07 1.6E+07 1.1E+09 5.8E+08 8.8E+07 8.4E+07 1.7E+09 3.3E+08 2.2E+08 1.4E+08 

DG-sg 6.5E+08 3.7E+08 3.1E+06 3.7E+06 1.0E+09 6.5E+08 4.4E+07 3.9E+07 1.7E+09 3.3E+08 1.7E+08 1.1E+08 
SUB 1.2E+10 3.1E+09 1.3E+09 1.0E+09 1.2E+10 4.4E+09 3.7E+09 2.0E+09 1.6E+10 3.3E+09 5.6E+09 9.1E+08 

CLA 4.2E+09 1.2E+09 2.6E+08 2.0E+08 5.1E+09 2.5E+09 9.1E+08 6.5E+08 4.8E+09 1.6E+09 1.3E+09 4.6E+08 
EPd 5.8E+09 1.2E+09 2.7E+08 2.1E+08 5.0E+09 2.8E+09 8.2E+08 5.4E+08 7.7E+09 1.7E+09 1.3E+09 3.6E+08 

CP 1.3E+11 3.0E+10 9.0E+09 7.4E+09 1.3E+11 5.8E+10 2.7E+10 1.7E+10 1.7E+11 2.5E+10 3.7E+10 1.2E+10 
ACB 5.5E+10 8.2E+09 3.1E+09 2.3E+09 6.2E+10 3.3E+10 1.3E+10 9.4E+09 7.4E+10 1.2E+10 1.8E+10 5.4E+09 

FS 2.7E+08 8.1E+07 2.4E+07 2.2E+07 2.7E+08 1.9E+08 8.1E+07 7.5E+07 4.5E+08 2.1E+08 1.3E+08 7.2E+07 

OT1 6.1E+09 1.4E+09 3.7E+08 2.2E+08 7.8E+09 5.9E+09 1.4E+09 8.9E+08 1.2E+10 2.8E+09 2.7E+09 3.5E+08 
OT2 6.1E+09 2.1E+09 2.2E+08 1.4E+08 5.5E+09 2.9E+09 8.7E+08 5.2E+08 1.1E+10 2.5E+09 1.8E+09 5.3E+08 

OT3 1.0E+10 3.3E+09 3.8E+08 3.1E+08 6.6E+09 3.7E+09 1.2E+09 6.4E+08 1.1E+10 2.1E+09 2.4E+09 6.2E+08 
GPi 1.3E+09 6.1E+08 1.1E+08 1.1E+08 7.3E+08 4.3E+08 1.5E+08 1.6E+08 2.0E+09 6.4E+08 5.6E+08 2.2E+08 

SI 8.2E+09 2.1E+09 6.3E+08 5.1E+08 6.0E+09 3.8E+09 1.6E+09 1.3E+09 9.7E+09 1.9E+09 3.0E+09 7.8E+08 
MA 1.5E+09 2.8E+08 6.0E+07 6.9E+07 1.2E+09 7.3E+08 1.6E+08 1.4E+08 2.0E+09 5.2E+08 4.4E+08 1.5E+08 

LD 5.3E+09 1.6E+09 1.3E+08 2.0E+08 4.9E+09 3.5E+09 2.6E+08 2.7E+08 6.3E+09 1.6E+09 8.3E+08 4.4E+08 
LP 8.1E+09 4.3E+09 1.7E+08 1.6E+08 4.3E+09 2.8E+09 5.7E+08 4.9E+08 7.9E+09 2.4E+09 1.1E+09 7.6E+08 

PO 1.5E+10 5.5E+09 2.3E+08 3.5E+08 1.5E+10 9.8E+09 6.2E+08 6.6E+08 1.7E+10 3.5E+09 1.7E+09 1.1E+09 
RT 5.1E+09 1.2E+09 1.6E+08 1.8E+08 2.6E+09 1.6E+09 2.8E+08 2.9E+08 3.1E+09 6.0E+08 5.0E+08 2.3E+08 

VPL 8.5E+09 2.1E+09 4.1E+07 6.3E+07 5.1E+09 3.8E+09 1.5E+08 1.6E+08 1.2E+10 4.0E+09 6.3E+08 4.1E+08 
VPM 1.3E+10 5.4E+09 3.9E+07 5.1E+07 1.1E+10 7.1E+09 1.5E+08 2.0E+08 1.4E+10 3.4E+09 6.2E+08 3.7E+08 

SPFp 2.1E+09 9.1E+08 1.3E+08 1.4E+08 1.8E+09 8.8E+08 2.6E+08 2.1E+08 2.0E+09 7.9E+08 4.6E+08 1.6E+08 

LHA 1.2E+10 3.0E+09 1.1E+09 8.7E+08 8.3E+09 4.1E+09 2.3E+09 1.9E+09 1.4E+10 3.0E+09 3.6E+09 8.6E+08 
STN 1.1E+09 3.0E+08 3.2E+07 3.6E+07 1.2E+09 8.2E+08 1.0E+08 1.0E+08 1.5E+09 3.8E+08 2.9E+08 1.5E+08 

ZI 3.8E+09 1.2E+09 2.0E+08 1.9E+08 3.9E+09 2.7E+09 7.3E+08 7.3E+08 4.4E+09 1.2E+09 1.1E+09 4.5E+08 
IC 2.2E+10 8.6E+09 1.3E+09 1.2E+09 2.0E+10 8.5E+09 2.6E+09 1.9E+09 1.8E+10 5.6E+09 4.8E+09 1.3E+09 

SCm 7.4E+09 2.0E+09 8.2E+08 8.7E+08 7.8E+09 4.5E+09 1.3E+09 9.8E+08 9.1E+09 2.7E+09 2.7E+09 7.4E+08 
SCs 5.6E+09 1.8E+09 6.1E+08 6.7E+08 8.5E+09 4.9E+09 1.1E+09 9.1E+08 8.5E+09 3.7E+09 2.5E+09 7.9E+08 

SNc 1.8E+09 7.7E+08 1.3E+08 1.2E+08 9.0E+08 4.4E+08 1.6E+08 1.4E+08 1.2E+09 4.2E+08 3.0E+08 1.6E+08 
SNr 4.0E+09 1.1E+09 5.0E+08 4.2E+08 3.2E+09 1.6E+09 9.8E+08 7.7E+08 4.9E+09 1.2E+09 1.8E+09 3.4E+08 

APN 1.2E+09 5.1E+08 5.2E+07 5.8E+07 1.8E+09 1.4E+09 1.4E+08 1.2E+08 1.9E+09 6.9E+08 3.7E+08 1.2E+08 
NOT 5.3E+08 2.2E+08 3.3E+07 3.6E+07 3.2E+08 1.8E+08 4.2E+07 4.0E+07 3.8E+08 2.1E+08 1.1E+08 7.3E+07 

PPN 1.4E+09 6.7E+08 1.1E+08 1.3E+08 7.3E+08 5.0E+08 1.1E+08 9.3E+07 1.5E+09 4.1E+08 4.0E+08 2.2E+08 
PPT 4.4E+08 1.7E+08 3.5E+07 3.7E+07 3.8E+08 2.0E+08 5.2E+07 4.5E+07 4.0E+08 3.1E+08 8.8E+07 4.2E+07 

RR 9.0E+08 3.2E+08 6.2E+07 7.1E+07 5.1E+08 2.6E+08 9.3E+07 6.7E+07 7.8E+08 2.9E+08 2.1E+08 1.1E+08 

MRN 1.2E+10 4.6E+09 8.6E+08 7.9E+08 9.6E+09 5.3E+09 1.8E+09 1.4E+09 9.5E+09 2.4E+09 3.1E+09 1.1E+09 
P 1.8E+10 3.1E+09 1.3E+09 1.1E+09 1.6E+10 9.1E+09 2.6E+09 2.4E+09 1.8E+10 4.8E+09 4.2E+09 1.0E+09 

MY 5.3E+10 9.2E+09 3.3E+09 2.4E+09 3.5E+10 1.5E+10 4.3E+09 4.0E+09 5.5E+10 1.2E+10 1.1E+10 4.0E+09 
IP 1.2E+09 3.1E+08 1.3E+07 1.3E+07 7.0E+08 3.4E+08 3.0E+07 2.1E+07 9.9E+08 2.2E+08 1.4E+08 5.7E+07 

ANcr2gr 1.2E+09 4.3E+08 5.1E+06 6.7E+06 1.1E+09 3.3E+08 1.1E+08 7.1E+07 2.4E+09 1.2E+09 3.7E+08 9.9E+07 
ANcr2mo 1.8E+09 6.8E+08 4.1E+07 4.9E+07 1.3E+09 4.9E+08 1.7E+08 1.7E+08 2.8E+09 1.4E+09 5.5E+08 1.3E+08 

CENT3gr 7.8E+08 3.5E+08 7.2E+06 1.1E+07 1.5E+09 9.9E+08 8.5E+07 9.8E+07 1.7E+09 8.9E+08 2.6E+08 7.9E+07 
CENT3mo 9.7E+08 1.4E+08 4.8E+07 6.0E+07 1.7E+09 8.4E+08 1.2E+08 1.0E+08 2.2E+09 8.7E+08 3.7E+08 1.4E+08 

CUL4,5gr 2.7E+09 5.3E+08 2.0E+07 2.1E+07 4.3E+09 2.2E+09 3.2E+08 3.0E+08 5.1E+09 1.1E+09 1.1E+09 4.0E+08 
CUL4,5mo 3.6E+09 4.9E+08 1.3E+08 1.4E+08 4.1E+09 1.9E+09 3.6E+08 3.1E+08 5.0E+09 1.4E+09 1.2E+09 3.9E+08 

SIMgr 3.7E+09 1.4E+09 1.9E+07 2.4E+07 4.4E+09 1.5E+09 7.4E+08 5.7E+08 6.9E+09 1.9E+09 1.6E+09 4.2E+08 
SIMmo 4.5E+09 1.6E+09 1.5E+08 1.6E+08 4.8E+09 1.2E+09 7.5E+08 6.0E+08 7.4E+09 1.5E+09 1.9E+09 4.6E+08 

PRMgr 2.0E+09 6.4E+08 9.8E+06 1.3E+07 2.1E+09 3.8E+08 2.0E+08 1.3E+08 4.2E+09 1.5E+09 7.6E+08 2.9E+08 

PRMmo 2.9E+09 6.7E+08 8.1E+07 9.5E+07 2.4E+09 1.0E+09 3.4E+08 3.3E+08 5.0E+09 1.4E+09 1.1E+09 3.6E+08 
COPYgr 3.7E+09 3.0E+08 2.2E+07 2.6E+07 3.9E+09 2.7E+09 4.4E+08 3.2E+08 5.6E+09 1.9E+09 1.2E+09 4.8E+08 

COPYmo 4.0E+09 4.8E+08 1.1E+08 1.1E+08 3.8E+09 2.3E+09 6.0E+08 8.5E+08 5.7E+09 1.9E+09 1.6E+09 4.6E+08 
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