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ABSTRACT OF THE DISSERTATION 

 

Monitoring Synaptic Protein Dynamics with Higher Temporal, Spatial, and Molecular Resolution 

 

by 

 

Margaret Butko 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2012 

 

Professor Roger Tsien, Chair 

 

Memory acquisition and storage are fundamental for an organism’s survival and depend 

on plasticity at chemical synapses to strengthen communication between neural circuits. However, 

studying the molecular basis of these events is technically challenging due to the wide range of 

temporal and spatial scales of these events as well as the molecular diversity of synapses.  

Because synaptic plasticity and strengthen depend on the availability of new proteins at the 

synapse, the TimeSTAMP (TS) reporter was developed to selectively visualize new protein 

copies. The TS reporter uses the activity of the cis-acting HCV protease, separating a protein of 

interest from a visual element, such that only in the presence of an inhibitor to this protease does 

the protein of interest become visible. A drug-dependent, continuous fluorescence readout was 

added to the original reporter based on split YFP (TS:YFP) to dynamically image both new and 

old protein copies in living cells, thereby extending the temporal resolution of the reporter. 

Furthermore, a genetically encoded EM tag (miniSOG) was incorporated into TS:YFP (TS:YSOG) 

to provide correlated ultrastructural snapshots of marked proteins, thereby extending the spatial 
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resolution of the reporter. Furthermore, a novel technique to resolve multiple colors within EM 

samples was developed to image TS tags with respect to other synaptic markers by EM. To make 

these techniques applicable for in vivo experiments, several methods were investigated to 

enhance delivery of this impermeant protease inhibitor across the blood brain barrier, including 

pro-drug synthesis, mannitol-induced osmotic shock, and peptide-mediated transcytosis. These 

TS reporters would be useful for monitoring specific synaptic protein dynamics in the context of 

long-term memory, but key regulators that coordinate plasticity events to maintain synaptic 

stability over the lifetime of the organism have not yet been identified. Therefore, instead of 

systematically attaching this growing list of synaptic proteins to TS, a synapse-wide proteomic 

screen was designed to identify key regulators in maintaining stable synapses from which targets 

for TS tagging could be identified. This screen identified many novel synaptic proteins that have 

had little attention in mammalian systems and would be good candidates to study with the 

described TS reporters. 

 



1 

INTRODUCTION 

 

Background and significance  

The ability to acquire, retain, and recall memories is fundamental for many organisms 

and requires a wide range of molecular events in the brain to robustly carry out each of these 

tasks. Memories are encoded by activating a unique circuit of neurons that communicate via 

chemical synapses, and modulating the strength of these synapses by activity-dependent 

synaptic plasticity can modulate the stability of the memory.1 The most characterized forms of 

synaptic plasticity are long-term potentiation (LTP), which strengthens synaptic connections, and 

long-term depression (LTD), which weakens synaptic connections. The amount of time a memory 

can be stored depends on the mechanism of storage. Short-term memories, which only last a few 

minutes to hours, rely on mechanisms of early LTP in which rapid post-translational modification 

modulate pre-existing proteins at the activated synapses.2 However, as these proteins turnover at 

the synapse, these modifications will be lost unless other mechanisms are activated. Long-term 

memories that last hours, days, months, and even throughout an organism’s lifetime depend on 

late LTP, which requires both transcription and translation to bring new proteins to these activated 

synapses. Inhibition of either transcription or translation prevents the stabilization of memories.3, 4 

Furthermore, targeted removal of stored memories rely on mechanisms of LTD in which synaptic 

proteins are removed from the synapse by proteasome activity.5 

These changes in protein levels do not occur globally throughout the neuron. Instead, 

similar to other polarized cells,6-9 neurons rely on either on elaborate intracellular protein 

trafficking or on mRNA transport and local protein synthesis to deliver new proteins only to 

activated synapses.10 Many mRNAs that encode synaptic proteins contain regulatory elements in 

their untranslated regions (UTRs) that target the mRNA to synaptic terminals and spatially 

regulate their translation by suppressing mRNA until it has reached the an activated synapse.11 

This allows for fast and specific delivery of new proteins to activated synapses without the need 

to relay a message back to the cell body. There are several pieces of evidence supporting the 
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role of activity-dependent local translation at activated synapses. Polyribosomes and other 

components of the translational machinery have been identified at dendritic spines containing 

synapses,12, 13 and LTP has been shown to induce recruitment and enlargement of polyribosomes 

at synapses.12, 14 Furthermore, inhibiting protein synthesis locally at activated synapses prevents 

LTP3, 4 and disrupts memory consolidation.15 Neurons also rely on local activation of the 

proteasome to remove proteins at specific synapses.16 Inhibiting the proteasome has also been 

shown to affect LTP as well as memory consolidation.5 Therefore, the ability of a synapse to 

strengthen or weaken its connection within a memory circuit relies on high spatial and temporal 

control of proteins to modulate its structure and function.9, 17 

Evidence for the importance of spatially controlled protein availability at synapses has 

also been demonstrated in diseases where these mechanisms have been perturbed. There have 

been many examples of neurological diseases that arise from the disruption of protein production 

and trafficking to the synapse.18 Fragile X syndrome (FXS), a disease that is clinically linked to 

autism spectrum disorder (ASD), is caused by the transcriptional silencing of the FMR1 gene, 

which encodes for the fragile X mental retardation protein (FMRP). FMRP binds to many synaptic 

mRNAs to inhibit their translation until they reach and activated synapse. FMRP knockdown in 

FXS causes constitutive and elevated global levels of synaptic proteins that are otherwise 

repressed by FMRP, which abolishes activity-dependent regulation of synaptic proteins and 

disturbs the balance of excitatory and inhibitory homeostasis.19, 20 Tuberous sclerosis complex 

(TSC), another disorder clinically linked to ASD, is caused by mutations in TSC1 or TSC2. TSC1 

and TSC2 inhibit mammalian target of rapamycin (mTOR) kinase activity, which is critically 

important in cap-dependent protein synthesis. Loss of TSC1 or TSC2 protein function in TSC also 

leads to de-repression of translation in neurons. In addition, loss of PTEN phosphatase function, 

which also negatively regulates mTOR, is also associated with ASD.18 Many familial forms of 

ASD arise from mutations in synaptic terminal proteins that cause retention in the endoplasmic 

reticulum, thereby limiting their availability at synaptic terminals.21, 22 In addition to disrupting 

protein synthesis, disrupting protein turnover has also been linked to neurological disease. For 
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example, mutations in UBE3A, an E3 ubiquitin ligase, have been associated with Angelman’s 

syndrome, another disease of cognitive ability.23 

Therefore, local production and targeted degradation of proteins is required synaptic 

plasticity as well as for regulating synaptic growth and stability associated with memory formation 

and storage.3, 24-26 However, selective visualization of new or old copies of a particular protein is 

technically challenging because new and old copies share the same primary sequence, making 

them chemically indistinguishable. Many of the existing methods to visualize new proteins are 

limited by their sensitivity, selectivity, or compatibility with neuronal samples. Pulse labeling of 

new protein populations by of isotopic or unnatural amino acids labels can tract total protein 

synthesis but lack specificity for proteins of interest.25, 27, 28 Pulse chase labeling techniques can 

be used to distinguish populations of specific proteins of interest by genetically encoding 

tetracysteine (TC) tags that can be labeled by sequential application of green and red biarsenical 

dyes (FlAsH and ReAsH) to follow to distinct populations of a protein of interest.29, 30 However, 

these pulse chase methods require relatively concentrated proteins, antidotes to avoid toxicity, 

and isolated cells that can be rapidly pulsed and chased rather than intact tissue or organisms.  

Destabilized fluorescence proteins (FPs) fused to a protein of interest can be used 

visualize young protein copies of a protein of interest without background signal from older 

protein populations, but these fusions can alter both the stability of the destabilized FP as well as 

the stability of the protein of interest.31 In addition, turnover of destabilized FPs is difficult to 

control across different environmental conditions because this process depends on proteasome 

activity. Photoconversion of FPs such as Kaede and Dendra can be can be used optically 

distinguish proteins synthesized before and after exposure to intense violet light, which switches 

FP fluorescence from green to red fluorescence.32, 33 Fluorescence recovery after photobleaching 

(FRAP) can be used to measure the degree and rate of protein synthesis by using intense light to 

photobleach an FP fused to a protein of interest and then measuring the recovery of fluorescence 

signal after photobleaching.34 However, photoconversion and photobleaching of FP tags are 

limited to transparent cells or tissues that can tolerate intense illumination. In addition, local 
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exposure to light used to photoconvert or photobleach FPs locally in the sample can cause the 

local accumulation of singlet oxygen, which can cause substantial retraction or distress of the cell 

in the imaging area.35 Furthermore, all methods that use FPs are limited by the FP signal intensity 

as well as by the spatial resolution of fluorescence microscopy. The small size of synapses and 

the limited number of synaptic protein copies therefore requires signal amplification and electron 

microscopy (EM) resolution. EM has long been the main technique to image cell structures with 

nm resolution, but identifying specific signal by EM has remained challenging. Immuno-EM 

techniques have fundamental problems with the limited ability of most antibodies to recognize 

heavily fixed antigens and to penetrate into and wash out of well-fixed cells and tissues. Recently 

a 106-amino acid flavoprotein (miniSOG) was developed as a genetically encoded EM marker 

because it is an efficient singlet oxygen generator when illuminated with blue light.36  

TimeSTAMP (TS) is an immunohistochemical reporter to visualize newly synthesized 

proteins of interest within a population.37 This reporter uses the activity of the cis-acting Hepatitis 

C virus (HCV) protease to cleave flanking NS4A/B cleavage sites that separate a protein of 

interest from an epitope tag. Cleavage can be blocked by addition of BILN-2061, a specific 

inhibitor for this HCV protease, to preserve the epitope tag. Therefore this reporter can be used to 

visualize new proteins within a population synthesized after a time point designated by the 

experimenter via application of BILN-2061. TS is appealing for the detection of newly synthesized 

proteins because (1) it is expressed as a fusion protein with the protein of interest that allows for 

specificity, (2) the time point at which new proteins become visible is controlled chemically by the 

experimenter, (3) it can be performed in thick brain tissue since it does not involve exposure to 

high energy light or wash steps, and (4) signal can be amplified for immuno-electron microscopy 

(immuno-EM) to subsynaptic levels. Furthermore, addition of live fluorescence and genetically 

encoded EM markers to the TS reporter would enable researchers to investigate the roles of 

protein synthesis and turnover in various aspects of nervous system development and function 

across multiple time and length scales 
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Finally, in addition to its broad time and spatial scales, synapses also demonstrate large 

molecular diversities, with more than 3,000 unique protein species.38 This large number of protein 

species found at such small subcellular structures suggests the potential for several different 

types of synapses, each of which creating a distinct molecular environment. Furthermore, the 

particular molecular environment at a single synapse can differ greatly from neighboring 

synapses of the same cell or neighboring cells as well as over different brain circuits and regions, 

making these environments difficult to identify. MS-based proteomics is a powerful and unbiased 

tool to identify proteins in a given tissue.39 Furthermore, quantitative MS techniques such as 

stable isotopic labeling of amino acids in mammals (SILAM) analysis facilitates relative protein 

quantitation from in vivo sources, which is essential for investigating synaptic properties in 

response to sensory environments.39 However, these MS techniques are limited by the amount of 

protein they require to provide sufficient signal for a reliable readout, thereby relying on sampling 

an entire heterogeneous tissue instead of a single cell or synapse. Therefore the challenge in 

identifying synaptic proteins that endow synaptic stability by MS-based proteomics is the 

availability of whole tissue samples that differ significantly in synaptic input or to probe single 

synapses by MS. 38   

 

Impact 

Chapter 1 describes modification of the original TimeSTAMP reporter to include an 

inducible, continuous fluorescence readout (TS:YFP and TS:OFP) for visualizing distributions of 

newly synthesized proteins of interest in living cells over time. In addition, the TS:YFP reporter 

also allows for selective visualization of older protein populations by drug washout because the 

two fragments of YFP do not dissociate from each other after complementation has taken place, 

thereby facilitating the visualization of protein turnover.21 Using live TS reporters, we demonstrate 

that PSD95 is translationally regulated by neurotrophin and neurotransmitter receptors, and that 

new copies of PSD95 are preferentially incorporated into synapses in stimulated dendritic regions. 
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These observations support a synapse-specific function for newly synthesized proteins during 

synaptic plasticity.  

Similar to other reporters that rely on a fluorescent readout, TS:YFP is currently limited by 

its spatial resolution. Chapter 2 describes modification of the live TS reporters to include an EM 

readout for visualizing new and old protein copies by correlated light and electron microscopy. 

MiniSOG, a genetically encoded singlet oxygen generator, was added to both TS:YFP and 

TS:OFP (TS:YSOG and TS:OSOG, respectively) to allow for EM detection by photooxidation.36 

These new live and photooxidizing TS reporters should enable researchers to investigate the 

roles of protein synthesis and turnover in various aspects of nervous system development and 

function across multiple time and length scales. Using these reporters, incorporation of new and 

old PSD95 proteins into synapses was monitored by EM at high resolution and to determine their 

cellular and subcellular locations in the context of other formed synaptic structures. Notably, new 

PSD95 copies were more abundant at growing areas of the dendrite such as dendritic protrusions 

that resembled immature synapses and less abundant in postsynaptic densities (PSDs) of mature 

spines. At a fluorescence level, it would have been very difficult to distinguish these two 

populations of PSD95. 

While standard EM techniques can provide a wealth of knowledge about cellular and 

subcellular environments, EM of specific signals, such as by miniSOG photooxidation, can be 

ambiguous because of the gray scale readout of both DAB and contrast agent signals. It is 

particularly difficult to distinguish specific DAB signal from the inherent electron density of the 

PSD by EM. Chapter 3 describes a novel approach to spectroscopically distinguish specific DAB 

signals in EM using a diethylenetriaminepentaacetic acid (DTPA) conjugate of DAB loaded with 

lanthanides (Ln3+) that are elementally differentiable by electron energy loss spectroscopy (EELS). 

This method was also tested for resolving multiple signals in EM using multiple Ln3+-DABs 

deposited by orthogonal methods. Adding a second color could would provide a platform for two-

color EM to visualize new and old PSD95 protein copies using the TS:YSOG reporters with 

respect to other synaptic markers such as mature presynaptic structures.  
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Although in vitro studies are valuable for initial studies in monitoring synaptic protein 

dynamics by light and electron microscopy, it will also be important to apply the TS reporters to 

visualize protein dynamics in more natural forms of synaptic plasticity including LTP in slice 

culture and learning paradigms in vivo. Chapter 4 demonstrates the impermeability of the HCV 

protease inhibitor, BILN-2061, across blood brain barrier (BBB) and describes methods to 

enhance its delivery by pro-drug synthesis, osmotic shock, and conjugation to peptide 

transporters. 

Although many proteins like PSD95 have shown to be important for acquiring, retaining, 

and recalling memory on a whole organism level, the molecular basis for long-term memory 

remains elusive. The TS reporters would be useful for monitoring specific synaptic protein 

dynamics in the context of long-term memory, but key regulators that coordinate plasticity events 

to maintain synaptic stability over the lifetime of the organism have not yet been identified. 

Therefore, instead of systematically attaching this growing list of synaptic proteins to TS, Chapter 

5 describes a synapse-wide proteomic screen for to identify key regulators in maintaining stable 

synapses associated with experience-dependent plasticity and synaptic strength from which 

potential targets for TS tagging could be identified for further investigation.
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CHAPTER 1 

 

Live TimeSTAMP tags for tracking new protein fates by fluorescence microscopy 

 

Abstract 

Protein synthesis is highly regulated throughout nervous system development, plasticity, 

and regeneration. However, tracking the distributions of specific new protein species has not 

been possible in living neurons. Previously we created TimeSTAMP epitope tags, drug-controlled 

tags for immunohistochemical detection of specific new proteins synthesized at defined times. 

This TimeSTAMP reporter was adapted to label new protein copies by an inducible continuous 

fluorescence readout based on a genetically encoded split yellow fluorescent protein, creating 

TS:YFP, thereby allowing for visualization of newly synthesized populations of a protein of 

interest in living cells with high temporal resolution. Live microscopy of a fluorescent TimeSTAMP 

tag reveals that copies of the synaptic protein postsynaptic density protein 95 (PSD95) are 

synthesized in response to local activation of growth factor and neurotransmitter receptors, and 

preferentially localize to stimulated synapses. Furthermore, TS:YFP also allows for visualization 

of the subsequent fate and turnover of this marked population by drug washout because 

bimolecular complementation of YFP is irreversible. These results demonstrate the versatility of 

the TimeSTAMP approach for visualizing newly synthesized proteins in neurons. 

 

Introduction 

 Spatiotemporal control of protein synthesis is essential for the proper development, 

normal functioning, and adaptation of nervous systems. In embryonic neurons, proteins are 

synthesized in axonal growth cones during migration to their targets, and local inhibition of protein 

synthesis blocks growth cone responses to axon guidance cues.40, 41 Later in development, high 

levels of protein synthesis in dendrites and axons promote synapse formation.25, 42 Finally, in the 

mature nervous system, protein synthesis is induced by neuronal activity and required for 
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memory consolidation in animals.43, 44 Persistence of long term potentiation (LTP) and long-term 

depression (LTD), activity-dependent changes in synaptic function believed to underlie learning, 

also requires new protein synthesis to persist beyond 1 hour.45, 46 The production and targeting of 

new proteins also appears critical, as inhibition of protein synthesis locally at stimulated synapses 

blocks late-phase LTP at those synapses.15  

The intricate regulation of protein synthesis during differentiation and plasticity of 

subcellular structures such as axons and synapses suggests that the synthesized proteins are 

utilized in these structures. For example, an attractive hypothesis for the function of activity-

induced protein synthesis in memory formation is that new proteins incorporate into the activated 

synapses, causing long-lasting changes to synaptic function.47 However, which specific new 

protein species are locally incorporated during differentiation or plasticity, and where they localize 

relative to the subcellular structures undergoing change, remains poorly understood.47 An 

impediment to addressing these questions has been the lack of generalizable methods to 

visualize new copies of specific proteins in living cells or with subsynaptic spatial resolution.  

 We previously developed a method called TimeSTAMP (time-specific tagging for the age 

measurement of proteins) for drug-controlled epitope tagging of newly synthesized proteins.37 In 

this method, a cassette comprising the protease domain of nonstructural protein 3 (NS3) of 

hepatitis C virus (HCV) flanked by cognate protease sites is fused between one terminus of a 

protein and an epitope tag. The protease excises itself and the tag from proteins by default, but 

this can be blocked on proteins synthesized after a defined time by application of a cell-

permeable HCV NS3 protease inhibitor. Using immunostaining of fixed samples, these epitope-

based TimeSTAMP tags have been used to visualize distributions of new proteins of interest in 

cultured mammalian neurons and in fly brains.37  

We now report on extending the TimeSTAMP method to visualize new proteins in living 

cells by fluorescence microscopy. Using a new fluorescent tag to track new copies of the major 

postsynaptic density protein 95 (PSD95), we find that local dendritic stimulation of growth factor 

and neurotransmitter receptors induces the local accumulation of new PSD95 in stimulated 
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synapses and dendritic shafts. The ability of these new TimeSTAMP tags to visualize new 

proteins in living neurons will enable researchers to study the role of new protein synthesis and 

delivery in multiple nervous system processes in vitro and in vivo. 

 

Results 

Development and properties of fluorescent TimeSTAMPs 

 A modified TimeSTAMP cassette was developed to improve signal inducibility relative to 

the original TimeSTAMP tags,37 and to induce degradation of the protease following self-excision 

(Figure 1.1a). Cleavage efficiency and inhibitor binding was improved by fusing the 8-amino acid 

NS4A beta strand peptide cofactor to the N-terminus of a NS3 domain. Breakthrough cleavage in 

the presence of drug was reduced by introducing the slow-cleaving T54A mutation into NS3.37 To 

allow excision to induce elimination of the protease, a new N-terminal cis-linked cleavage site 

was introduced with the P6-P1 sequence EDVVCC derived from the naturally preferred NS5A/5B 

substrate, but with the N-end rule-inducing His at the P1’ position. The resulting cassette, 

designated TimeSTAMP2, showed improved control by NS3 protease inhibitors (complete 

inhibition at 1 µM BILN-2061 or ITMN-191 compared to 10 µM for original TimeSTAMP, Figure 

1.1b,c). As desired, protease did not accumulate in the absence of drug (Figure 1.1d-f). Similarly 

to the original TimeSTAMP tags, TimeSTAMP2 allows drug-dependent epitope tagging in 

neurons and has no effect on synaptogenesis when targeted to synapses via PSD95 (Figure 

1.1g,h).  
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Figure 1.1. An improved time-specific tag for the age measurement of proteins (TimeSTAMP2). 
(a) General design of test constructs. HCV protease fused to PSD95 cleaves in cis at N-terminal 
(NT) and C-terminal (CT) sites, removing the HA tag. Tag removal is inhibited on proteins 
synthesized in the presence of inhibitor. Full-length protein should be 120 kD and tagged with 
both HA and Flag epitopes. Excised protease should be 27 kD and tagged with only a Flag 
epitope. In improved constructs, the excised protease is degraded by the N-end rule. (b) 
Immunoblots of cells expressing test constructs. Anti-Flag blotting shows that 1 µM BILN-2061 
fully inhibits cleavage of the fourth construct, the TimeSTAMP2 cassette. (c) Similar results were 
obtained with a different NS3 inhibitor, ITMN-191. Lane order is the same as in (b). (d) Anti-Flag 
reveals lack of accumulation of the cleaved TimeSTAMP2 cassette. Lane order is the same as in 
(b). (e) Testing of various NT sites by anti-Flag blotting demonstrates that constructs with H, K, or 
R in the P1’ position do not accumulate excised protease. (f) Anti-HA reveals complete block of 
both NT and CT cleavages in TimeSTAMP2 by 1 µM BILN-2061. (g) TS mediates non-toxic drug-
dependent epitope tagging of PSD95 in neurons. Rat hippocampal neurons were grown for 14 
DIV in the absence or presence of 1 µM BILN-2061 from DIV 4 to 14. The GFP tag stably fused 
to PSD95 reveals protein localization independent of BILN-2061. The drug-dependent HA tag 
reveals PSD95 synthesized during incubation in BILN-2061. (h) Non-toxicity of TS2. Density of 
synapses was not significantly different in 14 DIV hippocampal pyramidal neurons expressing 
PSD95 fused to Flag or various TimeSTAMP cassettes in the absence or presence of 1 µM BILN-
2061 from DIV 4 to 14. TS2* is TS2 with a protease-dead mutation (single-factor ANOVA p=0.40). 
Error bars represent standard error of the mean (SEM). 
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To enable tracking of newly synthesized proteins of interest in living neurons, the 

TimeSTAMP reporter was adapted to control maturation of fluorescent protein (FP) domains with 

drug application. The NS3 protease was placed within an FP domain such that it would remove 

itself in the absence of drug would generate FP fragments that fail to associate and produce 

fluorescence, while protease inhibition by drug application would preserve linkage, allowing 

fluorophore maturation (Figure 1.2a). TimeSTAMP and TimeSTAMP2 modules were inserted into 

loops of FP domains to screen for for drug-dependent fluorophore development. Among various 

constructs tested (Figure 1.3a), the Venus yellow fluorescent protein (YFP) with a TimeSTAMP2 

module inserted between amino acids 158 and 159 exhibited robust drug-dependent 

fluorescence (Figure 1.2b). Immunoblotting confirmed that protease excision occurs efficiently in 

the absence of drug but is fully inhibited in 1 µM BILN-2061 (Figure 1.2c). The fusion of this 

construct to PSD95 localized to synapses similarly to PSD95 (Figure 1.3b), and did not exert 

observable effects on synaptogenesis (Figure 1.3c). This construct, which we designated 

TimeSTAMP:YFP (TS:YFP), thus can function as a drug-inducible continuous fluorescent label of 

newly synthesized proteins. 
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Figure 1.2. Development of TS:YFP, a TimeSTAMP tag with a YFP output. (a) Schematic of the 
TS:YFP cassette featuring protease-mediated fragmentation of a fluorescent protein, fused to the 
synaptic protein PSD95. (b) Imaging shows TS:YFP fluorescence is drug-dependent in HEK293 
cells. BILN-2061 was continuously applied from 3 hr after transfection to the time of imaging at 24 
hr after transfection. (c) Immunoblots confirm expected sizes for processed and full-length 
PSD95-TS:YFP fusion proteins in the absence or presence of drug, respectively (lanes 2 and 3). 
BILN-2061 was continuously applied from 3 hr after transfection to the time of lysis at 24 hr after 
transfection. In the left lane, PSD95-TS*:YFP is a protease-dead mutant of PSD95-TS:YFP in 
which the serine of the catalytic triad is mutated to alanine. (d) TS:YFP reveals that new Arc 
protein synthesis is induced by bicuculline-stimulated synaptic activity in a 21 DIV neuron. Images 
are of cells immediately before BILN-2061 addition and after 6 hr in 1 µM BILN-2061. (e) 
Quantification of whole-cell Arc-TS:YFP fluorescence over time in unstimulated and stimulated 
neurons. Differences at 4 and 6 hr are statistically significant (p ≤ 0.05 by Student’s unpaired t-
test, n=6). Error bars represent standard error of the mean. 
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Figure 1.3. Characterization of TS:YFP. (a) A series of FP domains bearing TimeSTAMP 
cassette insertions in internal loops were fused to the C-terminus of Arc. Insertion of the 
TimeSTAMP2 cassette at aa158 of Venus YFP (TS:YFP) showed the most robust drug-inducible 
fluorescence, comparable to Venus alone. Fluorescence from 10 random cells identified by co-
transfected mOrange was quantified. Error bars represent SEM. (b) Left, PSD95-TS:YFP signal 
(green) is localized to puncta with diameter < 0.5 µm associated with synapsin puncta (red), 
indicating synaptic localization. Right, transfected PSD95 labeled with the small Flag epitope 
shows a similar distribution. (c) Non-toxicity of photooxidizing TimeSTAMP tags. Density of 
synapses was not significantly different in 15 DIV hippocampal pyramidal neurons expressing 
CFP without BILN-2061, or PSD95-TS:YSOG1 or PSD95-TS:YSOG2 without or with drug from 
DIV 8 to 15 (single-factor ANOVA p=0.964, n=7 to 11 per condition). Error bars represent SEM. 
(d) Arc- TS:YFP fluorescence develops during BILN-2061 treatment and persists after drug 
washout. The linear accumulation of signal from 2 to 6 hr is expected from new protein synthesis 
occurring at a constant rate within the drug application window, while extrapolation of this line 
down to the x-axis indicates a time delay of about 1 hr due to FP maturation. Maintenance of the 
induced fluorescence level after drug washout indicates irreversibility of split FP assembly. 
Fluorescence in 10 random cells were normalized to peak. Error bars indicate SEM. (e) Live 
optical pulse-washout labeling with TS:YFP tracks NLGN-3 synthesis, transport, and degradation. 
NLGN-3 was tagged at its C-terminus with TS:YFP cassette followed by duplication of the C-
terminal 10 amino acids of NLGN-3 to allow for PDZ domain binding. 14-DIV neurons were 
imaged in the presence of 1 µM BILN-2061 to visualize accumulation of new NLGN-3 (left). After 
drug washout, imaging was continued to follow decay of NLGN-3 (right). 
 



	  

	  

15 

TS:YFP fluorescence arising during drug treatment persisted after drug washout (Figure 

1.3d), consistent with previous findings that FP fragment assembly is irreversible.48 TS:YFP 

should thus function as an optical pulse-labeling method, i.e., it should allow the irreversible 

labeling of proteins synthesized in a drug-defined pulse period followed by production of 

unlabeled protein after washout. This would be conceptually analogous to pulse-chase labeling 

with radioactive metabolic precursors, without a need to “chase” with excess nonradioactive 

precursors to dilute out radioactive precursors. To test optical pulse labeling, we expressed in 

primary rat embryonic hippocampal neurons the transmembrane synaptic adhesion molecule 

Neuroligin-3 (NLGN-3) tagged with TS:YFP. At 14 days in vitro (DIV), we induced fluorescence 

on new proteins by 18 hr of incubation with drug followed by washout. Time-lapse microscopy 

showed fluorescence appearing during the pulse period, initially in perinuclear structures 

consistent with endoplasmic reticulum and Golgi, then at the cellular membrane and in synapses 

(Figure 1.3e). After washout, fluorescence decreased from all locations with an approximate half-

life of 24 hr, consistent with half-life measurements performed by isotopic labeling.49 These 

results confirm that TS:YFP can be used for optical pulse labeling. 

 To test the ability of TS:YFP to report on activity-dependent protein synthesis, we tracked 

production of Arc, which is translationally induced by synaptic activity,50 in basal and stimulated 

conditions. We linked a constitutive promoter to the entire Arc transcriptional unit from mouse 

genomic DNA to produce the complete pre-mRNA sequence with 3’ untranslated region (UTR) 

and introns, which are involved in Arc mRNA localization and translational induction by neuronal 

activity.51 We then inserted the TS:YFP coding sequence at the 3’ end of the Arc open reading 

frame, and observed 21-DIV hippocampal neurons expressing this Arc-TS:YFP reporter in basal 

and stimulated conditions (Figure 1.2d). Prior to BILN-2061 treatment, no fluorescence was 

detectable from the transfected neurons, while fluorescence increased over time with 1 µM BILN-

2061. Bicuculline, which promotes action potential generation in excitatory glutamatergic neurons 

by antagonizing GABA receptors, increased the rate of fluorescence development (Figure 1.2e), 
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consistent with previous observations of Arc induction,50 thereby confirming that TS:YFP can 

report activity-dependent protein translation.  

 To allow simultaneous visualization of two species of newly synthesized proteins, we also 

created an orange fluorescent TimeSTAMP (TS:OFP) using an alternative design that relies on 

cleavage-induced degradation of a fully intact mKO2 orange FP by the N-end rule (Figure 1.4a). 

In the absence of drug, the released protease-mKO2 fusion was degraded, as assessed by direct 

fluorescence (Figure 1.4b) and immunoblotting (Figure 1.4c), whereas EGFP, mCherry, or Venus 

in place of mKO2 were resistant to degradation (Figure 1.4d). This TS:OFP tag may be useful 

together with TS:YFP for tracking new copies of two proteins simultaneously. However, one clear 

advantage of TS:YFP is that the fluorescent protein remains intact after drug washout, allowing 

for protein turnover to be monitored by fluorescence.  
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Figure 1.4. Development and characterization of TS:OFP. (a) Following cis processing of a 
TimeSTAMP2 cassette bearing an FP domain fused irreversibly to the protease domain, the N-
end rule should result in degradation of the protease-FP fusion. In the presence of drug, cleavage 
and degradation of the FP should not occur. (b) Immunoblots reveal N-end rule mediated 
degradation is efficient on a TimeSTAMP2 cassette with the mKO2 orange FP inserted C-
terminal to the protease domain (TS:OFP). (c) Imaging shows orange fluorescent signal in 
HEK293 cells transfected with PSD95- TS:OFP incubated for 1 day with 1 µM BILN-2061. (d) 
EGFP, mCherry, and Venus fused to the protease domain in TimeSTAMP2 are not efficiently 
degraded by the N-end rule. 
 
 

TimeSTAMP tagging reveals induction of PSD95 translation by BDNF and activity 

 We next used a fluorescent TimeSTAMP to provide evidence that a synaptic protein 

synthesized after plasticity induction incorporates into stimulated synapses. It has been 

suggested, but not yet directly demonstrated, that activity-induced proteins are delivered to 

stimulated synapses to promote plasticity persistence. We hypothesized that one such protein 
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may be PSD95, which functions to build a postsynaptic density (PSD) cross-linking receptors and 

cytoskeletal elements.52 PSD95 synthesis is induced in synaptosomes by type 1 metabotropic 

glutamate receptor (mGluR) stimulation,19 but whether local stimulation induces local synaptic 

accumulation of new PSD95 has not been investigated.  

 To visualize new PSD95 in living neurons, we created an expression construct consisting 

of the PSD95 coding sequence fused to TS:YFP followed by the complete native 3’ UTR, 

required for mRNA stabilization and translational control.19, 20, 53 In the absence of BILN-2061, 

neurons expressing this PSD95-TS:YFP reporter exhibited no fluorescence, while in its presence, 

fluorescence accumulated over time (Figure 1.5a). Transfected neurons undergoing 

synaptogenesis at 7 DIV showed drug-dependent fluorescence in dendritic puncta that appeared 

simultaneously with dendrite arborization (Figure 1.5a), suggesting incorporation of new PSD95-

TS:YFP into nascent synapses as previously observed with TimeSTAMP epitope tags.37 At 24 

DIV, drug-dependent fluorescence arose gradually over 24 hr in puncta throughout the dendritic 

tree, consistent with accumulation at pre-existing synapses (Figure 1.5b). Synapses located 75 

µm from the cell body showed slower accumulation of new PSD95 than synapses located closer 

(25 µm) to the cell body (Figure 1.5c), as expected from earlier observations of gradients of new 

PSD95 from the cell body to the dendrites.37 Similar to previous observations using TimeSTAMP-

HA or photoconvertible FP tag on PSD95, TS:YFP revealed that the ratio of new to total PSD95 

in basal conditions is highest in cell bodies and gradually decreases along the dendrites (Figure 

1.5d). These results confirm that TS:YFP can track new copies of PSD95 and that under basal 

conditions new PSD95 expression does not occur preferentially in dendrites. 
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Figure 1.5. Tracking of basal and activity-induced PSD95 translation by TimeSTAMP. (a) New 
PSD95 protein accumulates in puncta along dendrites during arborization in a 7-DIV neuron. New 
puncta appear on distal dendritic branches simultaneously with their extension. Times shown are 
times in 1 µM BILN-2061. (b) In a 21-DIV neuron, new PSD95 proteins accumulate in puncta 
distributed throughout the dendritic tree. (c) Distally located synapses incorporate less new 
PSD95 than proximal ones. In the chart, PSD95-TS:YFP fluorescence in 10-µm segments 
located 25, 50, or 75 µm from the cell body is shown. Differences at 20 hr are significant by one-
way ANOVA (p < 0.05, n=4). (d) New PSD95 is distributed in a gradient from cell bodies to 
dendrites in neurons under basal conditions. After 20 hr in 1 µM BILN-2061, new PSD95-TS:YFP 
protein was visualized by YFP direct fluorescence (green) while total PSD95 was visualized with 
anti-PSD95 immunofluorescence (red). (e) TimeSTAMPa reveals induction of PSD95 synthesis 
by neuronal stimuli. 14-DIV hippocampal neurons transfected with PSD95-GFP-TimeSTAMPa 
were treated for 3 hr with 10 µM BILN-2061 and various stimuli in the presence of either 
actinomycin D to eliminate effects of transcriptional upregulation, or cycloheximide to block all 
protein synthesis. Immunoblotting with anti-PSD95 reveals proteins synthesized during BILN-
2061 incubation migrating at the uncleaved size. BDNF, DHPG, and bicuculline (bic) all induce 
new PSD95 synthesis above baseline in the absence of transcriptional upregulation. Endogenous 
PSD95 serves as a loading control.  
 
 

 We next investigated regulation of PSD95 translation in experimental models of synaptic 

plasticity. The TrkB receptor tyrosine kinase and mGluRs regulate protein synthesis in synaptic 



	  

	  

20 

plasticity. TrkB activation by brain-derived neurotrophic factor (BDNF) is necessary for the late 

phase of electrically induced LTP54 and sufficient to induce long-lasting increases in synaptic 

currents that resemble electrically induced LTP.55 Activation of type 1 mGluRs by the 

pharmacological agonists 2-chloro-5-hydroxyphenylglycin (CHPG) and 3,5-

dihydroxyphenylglycine (DHPG) can either induce LTD or decrease stimulation thresholds for 

LTP, depending on context.56 Both receptor classes activate the phosphoinositol-3 kinase (PI3K)-

mTOR pathway,57, 58 which can promote translation of PSD95.59 To determine if TrkB or type 1 

mGluR pathways regulate PSD95 translation, we performed immunoblotting experiments with 

PSD95-GFP-TimeSTAMPa, composed of PSD95 fused to GFP and the first-generation 

TimeSTAMPa cassette linked to the complete PSD95 3’ UTR.37 Bath stimulation of 14-DIV 

neurons with BDNF or the type I mGluR agonist DHPG increased the amount of new PSD95-

GFP, detected as a slower migrating species in the presence of BILN-2061 (Figure 1.5e). This 

was dependent on new protein synthesis, as it was blocked by cycloheximide, but not on 

transcription, as it was insensitive to actinomycin D. New PSD95-GFP protein production was 

also enhanced by bicuculline. These results indicate that PSD95 synthesis is regulated by 

neurotrophin and neurotransmitter receptors and by synaptic activity. 

 We next hypothesized that activation of TrkB or type 1 mGluR can induce accumulation 

of new PSD95 locally at stimulated dendritic regions and synapses. To perform local stimulations, 

we microfabricated polydimethylsiloxane (PDMS) devices in which two culture compartments are 

separated by a 50 µm-thick barrier traversed by 7 µm-wide microchannels connecting the 

compartments (Figure 1.6a). This device is based on earlier ones for axonal isolation,60 but the 

barrier is thinner to permit dendrites to traverse. Compounds applied to one compartment diffuse 

down the microchannels, but due to the small volumes of the microchannels compared to the 

compartments, concentrations in the compartments do not detectably change over 12 hr even 

without active microfluidic control (Figure 1.6b-d). When neurons are transfected and plated in 

both compartments, some extend their dendrites through the microchannels to the opposite 

compartment, allowing their distal dendrites to be selectively stimulated (Figure 1.6e). 
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Figure 1.6. A microfabricated chamber for localized stimulation of distal dendrites. (a) Design of a 
compartmentalized culture chamber for performing localized stimulations on dendritic segments. 
Neurons with cell bodies in one compartment can extend dendrites along channels through a 50-
µm barrier to the opposite compartment. (b) Photograph of a chamber with different color dyes 
placed in the two chambers to confirm fluidic separation. (c) Images of chambers with Alexa Fluor 
647 carboxylic acid succinimidyl ester (AF647) applied to the left compartment demonstrate 
fluidic isolation between compartments by the 50 µm barrier (bar above images), with a steep 
concentration gradient within the channels (arrowheads). (d) Graph of integrated fluorescence 
intensities in the compartments at 0 and 12 hr, normalized to the left compartment at time 0. Total 
fluorescence in the left and right compartments was measured for three fields along the center of 
a compartmentalized chamber. Error bars represent SEM. (e) Neurons extend neurites 
(asterisks) from one compartment to another at 5 DIV, as visualized in bright field illumination 
(left) and by mCherry fluorescence (center). (c, e) Bars above images mark the location of the 50-
µm barrier, which also serves as a scale element. 
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To determine whether distributions of new PSD95 copies can be spatially regulated in 

developing neurons, we stimulated distal dendrites of 8-DIV neurons with BDNF while adding 

BILN-2061 to both chambers to monitor new PSD95 anywhere. We observed that new PSD95 

copies were enriched specifically at tips of neurites extending toward the BDNF-stimulated side in 

the microchannels (Figure 1.7a). These structures are likely to be developing dendrites rather 

than axons due to their frequency, their thickness, and the presence of PSD95. In contrast to the 

pattern of new PSD95 expression in unstimulated neurons (Figure 1.5b), fluorescence intensity 

per dendritic length was higher in BDNF-stimulated distal segments than in proximal segments 

(Figure 1.7a). To determine if new PSD95 protein can preferentially accumulate in stimulated 

synapses in response to BDNF, we next used TS:YFP to visualize new PSD95 in 14-DIV neurons. 

Local BDNF stimulation induced intense accumulations of new PSD95 in shafts and synapses of 

dendrites entering the channels beginning at 9 hr and persisting to 24 hr (Figure 1.7b). Again, 

fluorescence was higher in stimulated distal segments than in proximal segments. These results 

reveal that new PSD95 copies can be preferentially expressed at BDNF-stimulated dendritic 

regions. 
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Figure 1.7. BDNF-dependent local accumulation of new PSD95 in neurons. (a) New PSD95 
accumulates at BDNF-stimulated growth cones in an 8-DIV neuron expressing PSD95-TS:YFP. 
Asterisks mark growth cones with new PSD95. The fourth panel is an inset of the 21-h field 
showing merged TS:YFP fluorescence (green) and differential interference contrast (DIC, gray 
scale) images. (b) New PSD95 is enriched at BDNF-stimulated regions in two 14-DIV neurons 
(asterisks) expressing PSD95-TS:YFP. (c) New PSD95 is not preferentially detected at BDNF-
stimulated synapses when the 3’ UTR is removed. In (a-c), neurons expressing PSD95-TS:YFP 
were treated with 100 ng/mL BDNF in the right chamber at time 0 while 1 µM BILN-2061 was 
applied to both chambers, also at time 0. TS:YFP fluorescence was observed over time. 
Arrowheads within the channels point in the direction of BDNF diffusion, and bars above the 
images mark the location of the 50-µm barrier. 
 
 

The reporter constructs used in the above experiments included the complete 3’ UTR of 

PSD95, which mediates localization of the mRNA to dendrites and translational regulation by 

fragile X mental retardation protein (FMRP).19, 20 Removal of the 3’ UTR would thus be expected 

to prevent dendritic localization of the mRNA and FMRP-dependent translational induction, and 
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would allow us to examine the ability of local BDNF-induced signals to recruit PSD95 proteins 

synthesized in an FMRP-independent manner in the cell body. In neurons transfected a PSD95-

TS:YFP reporter gene lacking the 3’ UTR and dendritically stimulated with BDNF, new PSD95 

was primarily expressed in the cell body with no specific enrichment in the stimulated regions at 

any time (Figure 1.7c). Instead, new PSD95 remained distributed in a gradient from the cell body 

to the dendrites. These results indicate that dendritic translation of PSD95 and/or FMRP 

involvement is required for the localized dendritic accumulation of new PSD95 at stimulated 

synapses, and demonstrate that TS:YFP can be used to further study specific functions of 3’ 

UTRs in mediating localized activity-dependent accumulation of new synaptic proteins. 

To determine if new copies of PSD95 are also recruited to synapses after mGluR 

stimulation, we stimulated distal dendrites of 14-DIV neurons with DHPG. We again observed 

synaptic accumulation of new PSD95 in stimulated regions (Figure 1.8a). Levels of new PSD95 

were enriched 2.4-fold in stimulated segments compared to unstimulated segments equidistant 

from the cell body (Figure 1.8c). The magnitude of this difference is similar to increases in 

translationally regulated protein levels previously observed with neurotransmitter receptor 

modulation,61, 62 and cannot be accounted for solely by the 20% increase in postsynaptic density 

size previously observed in response to BDNF.63 By contrast, dendrites extended toward the 

unstimulated side showed less new PSD95 in dendrites crossing over (Figure 1.8b,c), ruling out 

that the effect is a non-specific result of crossing through a microchannel. Enrichment of new 

PSD95 in stimulated synapses was first visible in some neurons 2.5 hr after the start of 

stimulation (Figure 1.8d) and persisted for the 22.5-h duration of the experiment. Similar results 

were obtained with CHPG, a specific agonist of mGluR5, the predominant type 1 mGluR at 

hippocampal synapses (Figure 1.8e).64 Close examination revealed that new PSD95 was present 

in both synapses and dendritic shafts within the stimulated region (Figure 1.8a,e). These findings 

thus show that neurotransmitter receptor activation in a dendritic region can induce accumulation 

of new copies of PSD95 in the stimulated region, including at synapses. Together with the 
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experiments with BDNF, these results also demonstrate the ability of TS:YFP to visualize new 

copies of a synaptic protein during local dendritic stimulations. 
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Figure 1.8. Local accumulation of new PSD95 is induced by local stimulation of metabotropic 
glutamate receptors. (a) New PSD95 is enriched in DHPG-stimulated regions in a 14-DIV neuron 
(asterisks) in the presence of 1 µM BILN-2061 in both chambers and 100 µM DHPG in the right 
chamber for the times shown. (b) Representative neuron exhibiting no enrichment of new PSD95 
in distal dendrites crossing from the DHPG-stimulated compartment into the unstimulated 
compartment. (c) The ratio of new PSD95 in a 20-µm dendritic segment crossing or not crossing 
the barrier the same neuron was quantified at 22.5 hr (p = 0.009 by two-tailed t-test, n = 8 and 4 
for crossing-toward and crossing-away neurons, respectively). (d) Enrichment of new PSD95 in 
synapses and dendrites encountering DHPG (asterisks)	  can be seen from the earliest time point 
at 2.5 h in some neurons. (e) Similar enrichment of new PSD95 in stimulated dendrites was 
observed in response to 300 µM of the mGluR5-selective agonist CHPG in neurons with cytosolic 
expression of mCherry. In all images, arrowheads within the channels point in the direction of 
DHPG or CHPG diffusion, and bars above the images mark the location of the 50-µm barrier. 
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Discussion 

 In this study, we developed fluorescent and photooxidizing TimeSTAMP tags to visualize 

new copies of proteins of interest in living neurons. These new TimeSTAMP tags exhibit a unique 

combination of features suitable for studying the fates of newly synthesized proteins during 

nervous system development and plasticity. First, they are genetically encoded, so they can be 

appended to specific proteins of interest. Second, they are drug-controllable, which both provides 

an easy means to control the time period of new protein labeling and allows easy control in large 

tissue volumes. Lastly, they are fluorescent, allowing visualization of new protein copies in living 

cells. 

 As protein tags, TimeSTAMPs can report on all the steps that control protein expression 

and localization, including transcriptional, translational, and post-translational regulatory events 

and protein-protein interactions. This is especially critical for studying synaptic proteins, which are 

dynamically regulated by multiple mechanisms. For instance, proteins of the PSD are held 

together by a network of protein-protein interactions, which are regulated by post-translational 

modifications such as phosphorylation,65 palmitoylation,66 proteolysis,67 and ubiquitination.5 In 

contrast, destabilized GFP reporters cannot be used as fusion tags because of their destabilizing 

nature, and while capable of reporting transcriptional and translational control,61, 62 do not report 

on subsequent steps of protein localization, interactions, or modification. 

 Monomeric FP timers and photoconvertible FPs can in theory be used as fluorescent 

tags that report on protein age in living cells.68 However, a population of timer molecules changes 

color gradually over many hours due to an autocatalytic conversion reaction occurring at different 

times in each molecule, and thus FP timers cannot provide the same temporal resolution or 

control as TimeSTAMP.68 Monomeric photoconvertible fluorescent proteins can be fused to a 

protein of interest and converted from one emission wavelength to another using violet light,68 

after which only new proteins will fluoresce at the unconverted wavelength. However, detection of 

low concentrations of new proteins requires complete conversion throughout the cell, and the 

prolonged exposures and high intensities required often cause phototoxicity.33 Extending the use 
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of photoconvertible proteins to a large volume of a brain slice or to a brain region in vivo would 

also be difficult, whereas drugs are routinely perfused throughout a slice or injected into a brain 

region. 

 A powerful non-genetically encoded approach to labeling new proteins is to metabolically 

incorporate physically or chemically distinct amino acids. Classically this was performed with 

radioactive amino acids for detection by autoradiography. Recently the approach has been 

extended to amino acids with nonradioactive isotopes for detection by mass spectroscopy and, in 

the bioorthogonal noncanonical amino acid tagging (BONCAT) technique, to unnatural amino 

acids bearing reactive chemical groups that can then be conjugated to fluorophores or affinity 

tags.69 These metabolic labeling approaches differ in applicability from TimeSTAMP in two ways. 

First, they result in the labeling of all new proteins proportional to abundance, rather than 

specifically labeling proteins of interest. Second, as currently performed, they do not allow live 

visualization of new proteins. For visualization with autoradiography, samples must be fixed and 

then exposed to film. For visualization with BONCAT, cells must be starved of natural amino 

acids prior to unnatural amino acid addition, then after the labeling period, fixed and reacted in 

non-physiological conditions. Metabolic labeling approaches, however, enable de novo 

identification of synthesized proteins, either by mass signature on a mass spectrometer in the 

case of heavy isotopes, or by reaction to affinity groups and purification in the case of chemically 

reactive amino acids. Metabolic labeling methods such as BONCAT can therefore be used to 

screen for previously unknown locally translated or activity-induced proteins. In contrast, 

TimeSTAMPs are intended to visualize specific proteins of interest, and thus are well suited for 

further investigation of any proteins identified in screens by mass spectroscopy or BONCAT. 

 The precise function of activity-induced protein synthesis in synaptic plasticity is still 

poorly understood. It is attractive to hypothesize that proteins synthesized in response to synaptic 

activity function at the activated synapses to promote long-lasting structural changes.43, 70 This 

hypothesis predicts that new copies of specific proteins synthesized after synaptic activation will 

localize to the activated synapses. However, an alternative hypothesis is that new protein 
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synthesis replenishes pre-existing proteins that are rapidly consumed during synaptic plasticity.70, 

71 If copies of a particular protein synthesized in response to activity are used primarily to 

replenish global stocks rather than to remodel the activated synapses, old copies would be 

utilized by the stimulated synapses, and new proteins would resupply a dendritic pool to be 

utilized later by all synapses. These hypotheses thus make different predictions about the fates of 

newly synthesized proteins. 

 Our results demonstrate that copies of PSD95 synthesized after localized stimulation 

preferentially accumulate in stimulated dendritic regions and synapses. This is the first direct 

observation that copies of a synaptic structural protein synthesized after local dendritic stimulation 

can preferentially incorporate into stimulated synapses. Because new protein copies are 

preferentially incorporated at stimulated synapses, our findings support the hypothesis that new 

synthesis of PSD95 has synapse-autonomous functions and is not solely functioning in global 

replenishment. Multiple mechanisms have been described that can contribute to the localization 

of new PSD95 molecules to activated synapses, including local translation,19 activity-induced 

palmitoylation,72 and phosphorylation.65, 72 Interestingly, PSD95 molecules within PSDs are 

immobile during baseline activity but exhibit increased exchange between postsynaptic and 

cytoplasmic locations after LTP or LTD induction.66, 73 Preferential accumulation of new copies of 

synaptic proteins such as PSD95 within stimulated dendritic regions could thus provide synapses 

undergoing plasticity with proteins to rebuild PSDs, or supply fresh copies of proteins that have 

not yet experienced irreversible post-translational modifications such as proteolysis by calpain.67 

Our finding of high levels of PSD95 in stimulated dendritic regions, localized to both synapses 

and dendritic shafts, is consistent with this possibility.  

 Visualization of new protein copies in synaptic plasticity had previously only been 

possible for the protein Arc, which is expressed at low levels basally and is strongly 

transcriptionally and translationally induced in response to synaptic activity, so that induced 

protein increases can be attributed to new proteins. In the dentate gyrus of rats, Arc protein levels 

increase rapidly and specifically in dendritic regions undergoing LTP.74 However, whether new 
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Arc proteins function to maintain LTP persistence in a synapse-autonomous manner is not yet 

clear. Arc has a well-characterized function in promoting 2-amino-3-(5-methyl-3-oxo-1,2- oxazol-

4-yl)propanoic acid (AMPA)-type glutamate receptor removal from synapses in LTD,50 and its 

requirement in LTP persistence may be due in part to a homeostatic role in removing glutamate 

receptors from non-potentiated synapses. Unlike Arc, which is trafficked with endocytic vesicles 

away from synapses and is degraded within hours,50, 67 PSD95 has a half-life of days and a 

subpopulation is stably bound in the synapse with a persistence of many hours.37, 66 Once 

incorporated into specific synapses, new PSD95 could thus conceivably exert long-lasting effects 

on synaptic function. 

 Other studies have inferred synaptic incorporation of other activity-induced proteins but 

have not directly demonstrated it. A Dendra2 message tagged with the sensorin 3’ UTR is 

translated near activated synapses in Aplysia neurons, suggesting that sensorin itself may be 

synthesized and utilized at activated synapses,33 but this has not yet been directly confirmed. 

Preexisting Homer-1a protein, marked by photoactivation of a PA-GFP tag 4 hr prior to synaptic 

activation, can be recruited specifically to the activated synapses in mammalian neurons.75 

However, whether copies of Homer-1a synthesized after synaptic activation target activated 

synapses has not been studied, and thus the question of whether Homer-1a synthesis could 

contribute to the protein synthesis dependence of LTP persistence remains unclear. Fluorescent 

TimeSTAMP tagging of sensorin or Homer-1a could be used to determine if synapse-specific 

utilization of new copies follows their activity-dependent synthesis. 

 A previous study using local subcellular fluorescence recovery after photobleaching 

(FRAP) found that local TrkB stimulation using bead-immobilized BDNF enhanced PSD95-GFP 

movement throughout the entire dendritic tree non-specifically, without preferential enhancement 

of movement at the site of stimulation.63 When performed locally, FRAP measures replacement 

rates of the total PSD95 population in the photobleached location from all sources outside that 

location. In contrast, our study specifically investigated the fates of newly synthesized PSD95 

copies. If total protein concentrations are higher than new protein concentrations, then increased 
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accumulation of new proteins may not be apparent when visualizing the total protein population. 

Furthermore, increased retention of PSD95 at stimulated synapses, for instance by its 

palmitoylation or phosphorylation,65, 72 would not increase FRAP and indeed could decrease it if 

the area of FRAP resides within a larger area of increased retention. The previous study also did 

not include the native 3’ UTR in the PSD95 constructs. As the 3’ UTR mediates mRNA 

stabilization, dendritic localization, and translational induction,19, 20 the influence of these events 

on PSD95 production would not have been detected. 

 

Methods 

Reagents 

 Plasmids encoding PSD95 or Arc fused to TimeSTAMP cassettes37 were modified by 

standard molecular biology techniques including polymerase chain reaction, restriction enzyme 

digestion, and ligation to create new TimeSTAMP variants. New linker sequences were 

introduced with synthetic oligonucleotides. All subcloned fragments were sequenced in their 

entirety to confirm successful construction. Full sequences of all plasmids in this study are 

available upon request. 

 BDNF (Chemicon), bicuculline (Sigma), CHPG (Sigma), DHPG (Sigma), actinomycin D 

(Sigma), cycloheximide (Sigma), and Alexa Fluor 647 carboxylic acid succinimidyl ester 

(Invitrogen) were purchased from commercial sources. BILN-2061 and ITMN-191 were 

synthesized by a contract synthesis company (Acme).  

 Primary antibodies used were mouse monoclonal anti-PSD95 (NeuroMab), mouse 

monoclonal anti-AU1 (Covance MMS-130R), rat monoclonal anti-HA (Roche), and rabbit anti-

synapsin (Chemicon). For immunoblotting, primary antibodies were used at 0.1-0.4 µg/mL and 

horseradish peroxidase (HRP)-conjugated goat secondary antibodies (Zymed) at 0.1 µg/mL. For 

immunofluorescence, primary antibodies were used at 0.5-1 µg/mL and Alexa Fluor 568- and 

647-conjugated goat secondary antibodies (Invitrogen) at 0.5 µg/mL. 
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Cell culture 

 HEK293 cells (ATCC, Rockville, MD) were cultured in Dulbecco’s modified eagle medium 

(DMEM) medium with 10% v/v fetal bovine serum (FBS), 50 U/mL penicillin, and 50 µg/mL 

streptomycin (Invitrogen). One day after subculturing, cells were transfected with a TimeSTAMP 

construct and a cell-filling fluorescent protein at a 4:1 ratio using Lipofectamine 2000. One day 

after transfection, the media was changed and 1 µM BILN-2061 was added to treatment groups. 

Cells were washed with Dulbecco’s phosphate-buffered saline (DPBS) and imaged 24-48 hr 

afterward on an Axiovert 200 epifluorescence microscope (Zeiss) using the following filter sets: 

495/10 nm excitation, 515 nm dichroic, 535/25nm emission (YFP); and 540/25 nm excitation, 560 

nm dichroic, 595/50 nm emission (mOrange, mKO2, or mCherry).  

Dissociated rat cortical and hippocampal neurons were transfected by Amaxa 

electroporation (Lonza AG, Germany) and plated onto glass bottom culture dishes (P35G-0-14-C, 

MatTek Corp., Ashland, MA) and cultured in Neurobasal with B27 supplement, GlutaMAX, 50 

U/mL penicillin, and 50 µg/mL streptomycin (Invitrogen).  

 

Compartmentalized neuronal culture chambers 

 Silicon wafer masters were made by soft photolithography on two layers of photoresist 

with patterning provided by two transparency masks created in CAD software and printed on a 

20,000 dots-per-inch printer. PDMS prepolymer and catalyst (Dow Corning) were mixed at a 10:1 

ratio and allowed to polymerize on the masters at 70º C overnight. Blocks were cut out, sterilized, 

and adhered to washed cover glasses, then the channels were coated with poly-D-lysine. More 

detailed procedures have been previously published.37  

 

Immunoblotting 

 For analysis of TimeSTAMP cleavage by immunoblotting, HEK293 cells were grown in 

DMEM with 10% fetal bovine serum (Invitrogen) and transfected with Lipofectamine 2000 

(Invitrogen). 3-12 hr after transfection, cells were transferred to fresh medium without or with 
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BILN-2061. 1-2 days later, cells were rinsed quickly in Hank’s balanced saline solution (HBSS) 

and immediately lysed in 0.1% boiling sodium dodecyl sulfate (SDS) loading buffer. Lysates were 

sonicated to shear DNA, then run on NuPage 4-12% Novex Bis-Tris SDS polyacrylamide gels 

(Invitrogen). Proteins were transferred onto polyvinylidene fluoride membrane (Millipore) by 

electroblotting, which were then blocked with 10% nonfat dried milk in tris-buffered saline with 

0.1% tween-20 (TBST), incubated in primary antibody overnight in 5% bovine serum albumin in 

TBST at 4 °C, washed in TBST to remove excess primary antibody, incubated in HRP-conjugated 

secondary antibody in 10% nonfat dried milk in TBST for 45 min at room temperature, and finally 

rinsed 3 times for 10 min each in TBST. Proteins were visualized by chemiluminescence 

(SuperSignal West Pico Chemiluminescent Substrate, Thermo) and film (Amersham Hyperfilm 

Blue).  

 To study stimulus-dependent PSD95 synthesis in neurons by immunoblotting, 

hippocampal neurons from postnatal day 0 (P0) rats were dissociated with papain and 

transfected by electroporation (Amaxa) as previously described. The neurons were plated and 

maintained in 6-well dishes in Neurobasal supplemented with B27 (Invitrogen) in 5% carbon 

dioxide and 100% humidity at 37 °C. Following treatment by the desired pharmacological agents, 

cells were rinsed quickly with HBSS and immediately lysed in boiling SDS, then immunoblotting 

was performed as above. 

 

Immunofluorescence 

 To quantify effects of TimeSTAMP expression on synaptic density, cortical and 

hippocampal neurons were dissociated, electroporated, and plated on washed coverslips coated 

with poly-D-lysine. Neurons were cultured in the absence of BILN-2061 or in its presence from 4 

to 14 DIV. Neurons were fixed by the addition of one culture volume of 8% paraformaldehyde for 

15 min at room temperature, then washed in phosphate-buffered saline (PBS), blocked in PBS 

with 5% non-immune goat serum, and probed for synapsin and HA according to standard 

procedures. Specificity of secondary antibodies was confirmed in control samples without primary 
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antibody. Coverslips were mounted in Vectashield (Chemicon) and sealed with nail polish. 

Conditions were randomized and blinded, then images of 7-10 neurons per condition were 

obtained on a Zeiss Axiovert 200M with a LSM 5 Live confocal scanner, using a 40x water-

immersion lens with numerical aperture (NA) 1.2 and a 1.6x Optovar magnifier. A stack of optical 

sections with 1024 x 1024 resolution at 1-µm intervals through each neuron was obtained and 

then flattened in a maximum intensity projection. Blinded quantitation of synaptic density was 

performed as previously described.37 Analysis was performed on an Apple Macintosh notebook 

computer using the public domain NIH imageJ program (developed at the U.S. National Institutes 

of Health and available on the Internet at http://rsb.info.nih.gov/nih-image). 

  

Time-lapse microscopy 

 To follow fluorescence development of TS:YFP tags in transfected HEK293 cells, cells 

were cultured and transfected on glass-bottom dishes in DMEM with 10% fetal bovine serum. 

One day after transfection, DMEM was exchanged for HBSS with B27. Cells were imaged on a 

Zeiss Axiovert 200M equipped with a xenon arc lamp, a 20x 0.7 NA lens, a Photometrics 

Cascade II 1024 camera, and a stage-top environmental chamber with temperature set to 35 °C 

and humidity to 100%. Images were acquired before and at various times after BILN-2061 

addition with exposure times selected to avoid sensor saturation. To plot normalized fluorescence 

versus time, total background-subtracted fluorescence from individual cells at each time point 

was measured using ImageJ software and normalized to the maximum value for each cell. 

 To visualize new synaptic protein synthesis in neurons, hippocampal neurons from P0 

rats were dissociated and transfected with TimeSTAMP reporters and a mCherry marker by 

electroporation. They were then cultured in Neurobasal with B27 in glass-bottom dishes or PDMS 

chambers. Cultures were maintained at 37 °C in 5% carbon dioxide and 100% humidity. Half of 

the medium was replaced every 2 days. On the day of imaging, medium was exchanged for 

HBSS with B27. Cells were imaged by epifluorescence on the Zeiss Axiovert 200M as above. 

They were also imaged on an Olympus IX81 using a 20x 0.7 NA lens and a FV1000 confocal 
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scanning system. For confocal imaging, the following settings were used: excitation with a 488 

nm argon-ion laser line at 10% power and a 559 nm laser diode at 10% power, pinhole 200 µm, 

scan resolution 1024 by 1024 pixels, scanning speed 1 µs per pixel, photomultiplier voltage 700 V, 

digital gain 1. In either imaging system, fields including transfected neurons identified by mCherry 

fluorescence were imaged before and at various times after BILN-2061 addition. A stack of 

optical sections at 1-µm intervals through each neuron was obtained at each position and time 

point, then flattened in a maximum intensity projection. 

 

	   Chapter 1, in part, has been submitted for publication. The dissertation author and 

Michael Lin were the primary investigators and co-wrote the manuscript. Jin Yang assisted in the 

design and validation of constructs. Yang Geng designed and performed dendritic stimulation 

experiments. Hyung Joon Kim and Noo Li Jeon designed and fabricated microfluidic chambers. 

Roger Tsien and Michael Lin supervised the project and provided advice.  
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CHAPTER 2 

 

Electron microscopy of TimeSTAMP distinguishes young from old copies of PSD95 and reveals 

ultrastructure of immature synapses 

 

Abstract 

Selective visualization of new and old copies of specific proteins is technically challenging 

because they are chemically indistinguishable. We previously developed TimeSTAMP (TS), a 

genetically encoded reporter that incorporates tags onto new proteins in a drug-dependent 

manner. Recently we added a drug-dependent fluorescence readout based on split YFP 

(TS:YFP) to dynamically image both new and old protein copies in living cells. Here, we extend 

TS:YFP for electron microscopy (EM) to provide correlated ultrastructural snapshots of marked 

proteins. Incorporating miniSOG (TS:YSOG) provided strong and specific EM signal and provided 

enhanced ultrastructural preservation compared to immuno-EM. TS:YSOG reporters revealed 

that new postsynaptic density 95 (PSD95) protein copies preferentially accumulated at growing 

regions of dendrites, including growth cones, branches, and immature synapses, whereas older 

copies localized only to mature synapses. These results demonstrate distinct cellular and 

synaptic localization patterns for different PSD95 ages. By correlated light and electron 

microscopy, the TS:YSOG reporters should enable researchers to investigate the roles of protein 

synthesis and turnover events in various aspects of nervous system development and function 

across multiple time and length scales. 

 

Introduction 

Local production and availability of new proteins is required for the development and 

modulation of specialized cellular structures such as chemical synapses in the central nervous 

system.9, 17 Spatially controlled protein availability has been shown to be required for long-term 

plasticity as well as for regulating synaptic growth and stability associated with memory formation 
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and storage.3, 24-26 In neurons, synaptic activation promotes highly localized effects at synapses, 

such as translation of specific transcripts and recruitment of new proteins, which in turn promote 

changes in synaptic structure and strength.31, 76, 77 Using short-lived or photoconvertible 

fluorescent proteins to report translational induction via untranslated regions (UTRs) of dendritic 

mRNAs, several groups have provided evidence that proteins are locally translated in dendrites in 

an activity-dependent manner.31, 33, 69 However, these proxy reporters are not fused to synaptic 

proteins and therefore do not reveal the relationship between translational induction and actual 

distributions of newly synthesized synaptic proteins. These reporters also lack high spatial 

resolution because they are limited by the resolution of light and are unable to report protein 

dynamics at a subsynaptic level. 

Among proteins whose translation is induced by activity is postsynaptic density protein 95 

(PSD95), the major postsynaptic structural protein.20, 63, 78 PSD95 levels regulate activity-

dependent synaptic plasticity and strengthening.52, 79-81 Post-translational modifications of PSD95 

are also induced by synaptic activity and regulate its incorporation into synapses.65 However, the 

specific role of newly synthesized PSD95 in locally activated areas of the neuron has remained 

unclear. To understand how new copies of PSD95 and other synaptic proteins are utilized during 

synaptic development and plasticity, it would be useful to determine their distributions within 

subcellular structures such as growth cones, filopodia, and spines with high spatial resolution of 

both the protein of interest and surrounding landmarks. 

Previously, we developed the TimeSTAMP (TS) method to distinguish new copies of a 

protein of interest from its entire population.37 In the original TS reporter, an internal cis-acting 

hepatitis C virus (HCV) protease cleaves itself and an epitope tag from a protein of interest. 

Furthermore, a destabilizing N-terminal amino acid (histidine) has been added after the N-

terminal cleavage site to target the protease and the drug-dependent epitope tag for degradation 

by the N-end rule (Chapter 1).82 Cleavage can be blocked by the addition of BILN-2061, a specific 

inhibitor for the HCV protease, thus preserving the epitope tag on subsequently synthesized 

proteins. Recently, we improved the inducibility of TS and added an inducible continuous 
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fluorescence readout based on a genetically encoded split yellow fluorescent protein, creating 

TS:YFP, thereby allowing us to track newly synthesized populations of a protein of interest in 

living cells with high temporal resolution (Chapter 1). TS:YFP also allows us to selectively image 

the subsequent fate and turnover of this marked population by drug washout because bimolecular 

complementation of YFP is irreversible.48, 83  

Similar to other reporters that rely on fluorescent readouts, TS:YFP is currently limited by 

its spatial resolution. Here, we sought to extend TS reporting of newly synthesized protein 

distributions to the ultrastructural level by incorporating a readout for transmission electron 

microscopy (TEM), which can resolve single synapses as well as subsynaptic structures such as 

synaptic vesicles, cytoskeletal structures, and postsynaptic densities (PSDs). By immuno-EM, we 

detected TS-controlled epitope tags with antibodies linked via biotin-streptavidin to horseradish 

peroxidase (HRP) to mediate polymerization of diaminobenzidine (DAB), which can be detected 

by EM. In a second method, we developed a modified TS:YFP reporter that incorporates a 

genetically encoded EM-marker, miniSOG (TS:YSOG1).36 In aldehyde fixed tissue, miniSOG 

efficiently generates singlet oxygen when illuminated by blue light, which can polymerize DAB 

locally with high spatial resolution. Because TS:YSOG1 encodes both fluorescence and EM 

readouts, robust and accurate correlated fluorescence and EM imaging is achieved without 

requiring antibody access that can substantially degrade the ultrastructural preservation. By 

fusing TS:YSOG1 to PSD95, we found that new populations of PSD95 exhibited distinct 

localization patterns both at the cellular and synaptic level compared to older populations. New 

PSD95 copies were more abundant at growing areas of the dendrite and less abundant in PSDs 

of mature spines, whereas older PSD95 protein populations were only observed in the PSDs of 

mature spines. Therefore, newly synthesized PSD95 copies do not simply replace old PSD95 

populations; instead they display distinct localization to growing areas of the neuron. 
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Results 

Imaging new protein copies by immuno-EM 

 In this study, we sought to visualize new PSD95 populations with high spatial resolution 

to study their role at the synapse. We hypothesized that immuno-EM could be performed to 

detect drug-dependent AU1 and HA epitope tags in the TS:YFP reporter (Fig. 2.1a). In primary 

neurons expressing TS:YFP fused to PSD95 at days-in-vitro 12 (DIV12), immunolabeling for HA 

or AU1 epitopes with monoclonal antibodies gave negligible signal in the absence of BILN-2061 

by fluorescence (Fig. 2.1b,c, top) and by DAB deposition (Fig. 2.1d, top), but immunolabeling 

gave clear signal that correlated well with YFP signal when neurons were incubated with BILN-

2061 for 48 hr by fluorescence (Fig. 2.1b,c bottom) and by DAB deposition (Figure 2.1e, top). On 

a light level, the DAB precipitate signal was only visible in neurons that had been exposed to 

BILN-2061 and it correlated well with YFP fluorescence, thereby suggesting that these antibodies 

are well suited for reporting immuno-EM of TS:YFP. Under EM, we expect PSD95 to be localized 

to the PSD. When viewed by EM, the sample that had not been exposed to protease inhibitor 

exhibited very little dim DAB signal (Fig. 2.1d, bottom). Dark DAB signal was only visible in 

samples that had been exposed to BILN-2061, and the signal was darkest at the PSD (Fig. 2.1e, 

bottom, red arrowheads). This data indicates that the immuno-EM readout was drug-dependent, 

thereby demonstrating that this method can be used to visualize previously published TS 

reporters with high spatial resolution under EM.37 
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Figure 2.1. Immuno-EM of TS:YFP. (a) Schematic of TS:YFP fused to PSD95; the * and red 
arrow indicates degradation by the N-end rule. (b-c) TS:YFP allows for selective and sensitive 
labeling of PSD95 in neurons by immunostaining for drug-dependent epitope tags. AU1 
immunofluorescence (b) and HA immunofluorescence (c) correlate well with YFP signal in 
neurons expressing TS:YFP and is dependent on BILN-2061. (d, e) Neurons expressing TS:YFP 
fused to PSD95 in the absence (b) and presence (c) of BILN-2061 were visualized under 
fluorescence microscopy for YFP (top, left), transmitted light microscopy after antibody labeling 
and DAB precipitation (top, right) , and EM at a representative synapse (bottom, red arrowheads 
indicate labeled PSD). 
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 However, the ultrastructure in these samples was poorly preserved, similar to other 

immuno-EM techniques where deleterious processing steps must be included to allow 

penetration of primary and secondary antibody labels,84-86 leading to lower spatial resolution as 

well as ambiguity in resolving fine structures at synapses. For example, synaptic vesicles, whose 

visualization is important for identifying functional presynaptic termini, were poorly preserved in 

these samples. There were several holes throughout the samples that contributed to the poor 

ultrastructure preservation that were likely introduced during the blocking step to permeabilize the 

membrane and allow antibodies access to intracellular epitopes. In addition, these samples were 

kept in buffer for several hours after fixation during antibody incubation and wash steps, which 

may have also contributed to poorer ultrastructure compared to standard label-free EM 

samples.84 Therefore, immuno-EM was able to increase the spatial resolution of the TS:YFP 

reporter, but not to subsynaptic levels. 

 

Imaging new protein copies by photooxidation 

Due to the inherent limitations of immuno-EM, we attempted to obviate the need to 

diffuse macromolecular tags in and out of the samples by adding miniSOG, a 12-kD genetically 

encoded singlet oxygen generator and EM marker,36 to the TS:YFP cassette (Figure 2.2a-c). 

Photooxidative labeling by miniSOG removes concerns about non-specific antibody binding and 

does not require sample permeabilization, allowing better ultrastructural preservation. The 

simplest design was to fuse miniSOG to the C-terminus of the TS:YFP cassette (TS:YSOG0), in 

which miniSOG would follow YFP C-terminal fragment that is cleaved from the protein of interest 

in the absence of BILN-2061 and retained in the presence of BILN-2061 (Figure 2.2a). However, 

miniSOG addition to this cleavage fragment may stabilize this C-terminal cleavage peptide, which 

would result in nonspecific miniSOG accumulation in the absence of BILN-2061 and higher 

background under EM. This fragment (25 kD) was detected by immunoblotting against the HA 

epitope in HEK293 cells expressing PSD95-TS:YSOG0 the absence of BILN-2061 (Figure 2.3a), 

indicating that this fragment resists degradation. In the presence of BILN-2061, only the 
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uncleaved product was detected by western blot, and this product was detected by PSD95, AU1, 

and HA antibodies, indicating that this modification did not disrupt BILN-2061 inhibition (Fig. 2.2a). 

Furthermore, cells expressing PSD95-TS:YSOG0 exhibited lower fluorescence contrast +/- BILN-

2061 in HEK293 cells (6:1, Figure 2.3b) as well as in neurons (Figure 2.4a) and higher 

fluorescence in the absence of drug than cells expressing PSD95-TS:YFP (12:1, Figure 2.3b), 

which likely resulted from dim miniSOG fluorescence of the cleaved peptide generated in the 

absence of BILN-2061. Furthermore, after photooxidation of neurons expressing PSD95-

TS:YSOG0 exhibited diffuse DAB staining that was not drug dependent and was like a result of 

nonspecific, cleaved miniSOG generated in the absence of BILN-2061 (Figure 2.4a). This diffuse 

DAB signal masked specific signal, making the localization of this reporter ambiguous under EM. 

TS:YSOG0 is also limited by fusion to the C-terminus of proteins of interest to avoid direct, non-

inducible fusion of the protein of interest to miniSOG. 
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Figure 2.2. Schematic of TS:YSOG reporters 0 (a), 1 (b), and 2 (c) fused to PSD95. The * 
indicates cleavage that results in N-end rule degradation of the resulting peptide by revealing an 
N-terminal His residue. N-end rule degradation is also indicated by red over degrading species. 
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Figure 2.3. Characterization of TS:YSOG reporters. (a) Western blots against PSD95, AU1, and 
HA of HEK293 cells expressing PSD95-fused TS:YFP, TS:YSOG0, TS:YSOG1, and TS:YSOG2. 
(all +/- 3 µM BILN-2061 for 48 hr). Molecular weights of miniSOG-bound species for TS:YSOG 
reporters are shown in parentheses. (b) Background-subtracted average cell fluorescence 
intensities for all 4 reporters (all +/- 3 µM BILN-2061 for 48 hr). Signal contrast +/- BILN-2061 for 
each reporter is indicated above the graph. (c) Western blots against miniSOG for HEK293 cells 
expressing PSD95-fused TS:YSOG1 (left) or TS:YSOG2 (right) without (left 3 lanes per 
construct) or with (right 3 lanes per construct) prior PSD95 IP. Molecular weights of miniSOG-
bound species for TS:YSOG reporters are shown in parentheses. MiniSOG-bound species not 
pulled down by the PSD95 antibody indicated by red *. (d-e) Localization of PSD95-TS:YSOG1 
(d) and PSD95-TS:YSOG2 (e) to synapses by fluorescence microscopy. (f) Density of synapses 
in 15 DIV hippocampal pyramidal neurons expressing PSD95-TS:YSOG1, PSD95-TS:YSOG2, or 
CFP only (single-factor ANOVA p=0.997, n=8 to 11 per condition). Error bars represent standard 
error of the mean (SEM). 
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Figure 2.4. Correlated light and electron microscopy of primary neurons expressing PSD95-fused 
TS:YSOG0 (a), TS:YSOG1 (b), and TS:YSOG2 (c) in the absence (top) and presence (bottom) of 
BILN-2061. Neurons were visualized under fluorescence microscopy for YFP (left), transmitted 
light microscopy after DAB photooxidation (middle), and EM at a representative synapse (right). 
DAB signal localized to postsynaptic densities of synapses (red arrowheads) and was drug-
dependent in TS:YSOG1 and TS:YSOG2 but not in TS:YSOG0-expressing cells. 
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In a second design (TS:YSOG1), we fused miniSOG to the C-terminus of the protease 

domain in TS:YFP so that it is degraded by N-end rule together with the protease in the absence 

of drug but preserved in the presence of drug (Figure 2.2b). The cleavage fragment containing 

miniSOG (42 kD) was not detected by immunoblotting against the AU1 epitope in HEK293 cells 

expressing PSD95-TS:YSOG1 in the absence of BILN-2061 (Figure 2.3a), indicating that this 

fragment degrades as expected and that this modification does not disrupt protease activity. In 

the presence of BILN-2061, only the uncleaved product was detected by western blot, and this 

product was detected by PSD95, AU1, and HA antibodies, indicating that this modification did not 

disrupt BILN-2061 inhibition (Fig. 2.2a). Furthermore, cells expressing PSD95-TS:YSOG1 

exhibited slightly higher fluorescence contrast +/- BILN-2061 (14:1, Figure 2.3b) than cells 

expressing PSD95-TS:YFP (12:1, Figure 2.3b). This increased contrast can be attributed to 

higher fluorescence levels in the presence of drug, which is likely a result of miniSOG 

fluorescence in the TS:YSOG1 cassette. Unlike TS:YSOG0, TS:YSOG1 can be fused to either 

terminus or within the coding region of proteins of interest because the N-terminal and C-terminal 

cleavage peptides are not actively degraded by the N-end rule, similar to TS:YFP. 

However, TS:YSOG1 would probably be unsuitable for drug washout experiments to 

visualize protein turnover by EM because miniSOG in TS:YSOG1 is bound directly to the HCV 

protease and would be cleaved away and degraded during drug washout and protease re-

activation. Immunoblotting for miniSOG in HEK293 cells expressing PSD95-TS:YSOG1 that had 

been exposed to BILN-2061 for 42 hr and then washed out for 6 hr detected both the uncleaved 

band as well as lower molecular weight bands at 54 and 42 kD (Figure 2.3c, left). Because drug 

washout may have resulted in cleavage and/or self-excision of the protease-containing peptide, it 

is unclear whether these smaller products are cleaved products or noncovalently associated 

fragments of the uncleaved product since lysis would destroy any noncovalent associations. 

Therefore, immunoprecipitation (IP) with an antibody directed against PSD95 was performed to 

test whether miniSOG remains fused to PSD95-TS:YSOG1 during drug washout. IP of PSD95 

pulled down miniSOG-bound species in the drug pulse (48 hr) and drug washout conditions but 
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not in the absence of drug, thereby indicating miniSOG retention is drug-dependent. The 54-kD 

but not the 42-kD miniSOG-bound species was pulled down by PSD95 IP in the washout 

condition, indicating that some miniSOG species remain associated with TS:YSOG1 during drug 

washout by noncovalent interactions, but some miniSOG species are liberated from TS:YSOG1 

and accumulate as a cleavage product in cells. Therefore, TS:YSOG1 is unsuitable for EM 

imaging of protein turnover by drug washout. 

To generate a TS:YSOG reporter that could be used in drug washout studies, we 

redesigned the C-terminal cleavage site TS:YSOG0 to expose a destabilizing His residue upon 

protease cleavage and allow N-end rule-mediated degradation of miniSOG after cleavage 

(TS:YSOG2, Figure 2.2c). This design allows for miniSOG degradation in the absence of drug as 

well as miniSOG association with YFP instead of the protease during drug pulse and washout. 

The cleavage fragment containing miniSOG (25 kD) was not detected by immunoblotting against 

the HA epitope in HEK293 cells expressing PSD95-TS:YSOG2 in the absence of BILN-2061 

(Figure 2.3a), indicating that this fragment degrades as expected. In the presence of BILN-2061, 

only the uncleaved product was detected by western blot, and this product was detected by 

PSD95, AU1, and HA antibodies, indicating that this modification did not disrupt BILN-2061 

inhibition (Fig. 2.2a). Cells expressing PSD95-TS:YSOG1 exhibited higher fluorescence contrast 

+/- BILN-2061 (11:1, Figure 2.3b) compared to cells expressing PSD95-TS:YSOG0 and 

comparable fluorescence contrast with cells expressing PSD95-TS:YFP (12:1, Figure 2.3b). 

Immunoblotting for miniSOG in HEK293 cells expressing PSD95-TS:YSOG2 that had 

been exposed to BILN-2061 for 42 hr and then washed out for 6 hr detected both the uncleaved 

band as well as a 54-kD species, but not the 42-kD species (Figure 2.3c, left). Similar to cells 

expressing PSD95-TS:YSOG1, IP of PSD95 in cells expressing PSD95-TS:YSOG2 pulled down 

miniSOG-bound species in the drug pulse (48 hr) and drug washout conditions but not in the 

absence of drug, thereby indicating miniSOG retention is drug-dependent. The 54-kD miniSOG-

bound species was pulled down by PSD95 IP in the washout condition, indicating that all 

miniSOG species remain associated with TS:YSOG1 during drug washout. Therefore TS:YSOG2 
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is a suitable reporter for EM imaging of protein turnover by drug washout. As with TS:YSOG0, 

TS:YSOG2 is limited by C-terminal fusion to proteins of interest because it degrades its C-

terminal cleavage product. 

To test the performance of TS:YSOG1 and TS:YSOG2 in correlated light and electron 

microscopy, we expressed these reporters fused to PSD95 in primary neurons. Like PSD95-

TS:YFP, PSD95-TS:YSOG1 and PSD95-TS:YSOG2 both localized to synaptic sites on dendritic 

spines (Figure 2.3d,e) without disrupting synaptogenesis (Figure 2.3f). In 12-DIV neurons, 

fluorescence was negligible in the absence of drug but appeared throughout cells after 48 hr in 

drug for both reporters (Figure 2.4a-b, left). We then fixed these neurons without permeabilization 

and performed miniSOG-dependent photooxidation of DAB with blue light. The resulting DAB 

precipitate overlapped well with the YFP signal by light microscopy for both reporters, indicating 

specificity for the reporter protein (Figure 2.4a-b, middle). After osmium enhancement and 

ultramicrotome sectioning, we imaged these neurons by EM. Fine subcellular structures such as 

microtubules and synaptic vesicles were clearly visible in the photooxidized samples (Figure 

2.4a-b, right), demonstrating excellent ultrastructure preservation and fine resolution of synaptic 

elements similar to well-preserved conventional label-free samples84 and superior to immuno-EM 

samples (Figure 2.1). The majority of DAB label localized to submembrane locations that 

apposed membranes containing many presynaptic vesicles, consistent with PSD95 localization at 

PSDs, and DAB signal was dependent on drug (Figure 2.4a-b, right, red arrowheads). In addition, 

the background EM signal outside the PSD was much lower in photooxidized samples (Fig. 2e, 

inset), which is consistent with previous reports describing the localization of PSD95.84, 85 

Therefore, TS:YSOG1 and TS:YSOG2 reporters enhanced the spatial resolution of TS-specific 

signal to subsynaptic resolution and improved the EM signal to noise while preserving other key 

structural features. 

We also added miniSOG to the TS:OFP cassette (Chapter 1).37 This construct may be 

advantageous to the TS:YSOG design because miniSOG exhibits less spectral overlap with OFP 

than with YFP, thereby generating less singlet oxygen during fluorescence imaging of the reporter. 
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In TS:OSOG, we fused miniSOG to the C-terminus of the OFP, mKO2, in TS:OFP so that it is 

degraded by N-end rule together with the protease and OFP in the absence of drug but preserved 

in the presence of drug (Figure 2.5a). Similar to TS:OFP, TS:OSOG can be fused to either 

terminus or within the coding region of proteins of interest because the N-terminal and C-terminal 

cleavage peptides are not actively degraded by the N-end rule, but it cannot be used for imaging 

protein turnover because it lacks noncovalent bonds to retain cleavage products after drug 

washout.  
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Figure 2.5. Development of TS:OSOG. (a) Schematic of TS:YSOG. The * indicates cleavage that 
results in N-end rule degradation of the resulting peptide by revealing an N-terminal His residue. 
N-end rule degradation is also indicated by red over degrading species. (b) Western blots against 
PSD95 and mSOG for PSD95-fused TS:OFP and TS:OSOG reporters expressed in HEK293 
cells (all +/- 3 µM BILN-2061 for 48 hr). Molecular weights of miniSOG-bound species for 
TS:OSOG are shown in parentheses. (c) Background-subtracted average cell fluorescence 
intensities for both reporters (all +/- 3 µM BILN-2061 for 48 hr). Signal contrast +/- BILN-2061 for 
each reporter is indicated above the graph. (d) Correlated light and electron microscopy of 
primary neurons expressing PSD95-fused TS:OSOG in the absence (top) and presence (bottom) 
of BILN-2061. Neurons were visualized under fluorescence microscopy for YFP (left), transmitted 
light microscopy after DAB photooxidation (middle), and EM at a representative synapse (right).  
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In HEK293 cells expressing PSD95-TS:OSOG, the cleavage fragment containing 

miniSOG (67 kD) was not detected by immunoblotting against the mSOG epitope in the absence 

of BILN-2061 (Figure 2.5a), indicating that this fragment degrades as expected and that this 

modification does not disrupt protease activity. In the presence of BILN-2061, only the uncleaved 

product was detected by western blot, and this product was detected by PSD95 and mSOG 

antibodies, indicating that this modification did not disrupt BILN-2061 inhibition (Fig. 2.5b). 

Furthermore, cells expressing PSD95-TS:OSOG exhibited comparable fluorescence contrast +/- 

BILN-2061 (14:1, Figure 2.5c) with cells expressing PSD95-TS:OFP (14:1, Figure 2.5c). In 12-

DIV neurons expressing PSD95-TS:OSOG, fluorescence was negligible in the absence of drug 

but appeared throughout cells after 24 hr in drug (Figure 2.5d, left). After fixation and 

photooxidation, the resulting DAB precipitate overlapped well with the YFP signal by light 

microscopy (Figure 2.5c, middle). Although fluorescence signal in this reporter is drug dependent, 

it remains unclear whether DAB signal is also drug dependent because neurons expressing 

PSD95-TS:OSOG in the absence of drug (Figure 2.5d, top) have not yet been sectioned for EM 

imaging. However, in untransfected cells, specific DAB signal was not observed (Figure 2.5d, top 

right), indicating that the signal is dependent on expression. In transfected neurons treated with 

drug for 24 hr, the majority of DAB label localized to PSDs (Figure 2.5d, right, red arrowheads), 

similar to TS:YSOG1 and TS:YSOG2 reporters. Therefore, TS:OSOG can also be used for EM 

imaging of new copies of proteins of interest by correlated light and electron microscopy. 

 

Optimization of photooxidation conditions 

The excess black dots that are present in Figure 2.4 transmitted light images are non-

specific miniSOG-independent DAB signal that we commonly observe when photooxidizing 

cultured neurons. Because this signal is mainly extracellular and does not match YFP 

fluorescence, it was easily distinguishable from true miniSOG signal at transmitted light and EM 

levels. In early experiments, we also noticed miniSOG-independent background signal in 

neuronal mitochondria after photooxidation, which was often difficult to distinguish from true 
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signal at the EM level, especially when mitochondria were close to PSDs (Figure 2.6a). 

Endogenous mitochondrial iron-sulfur complexes have been reported to photosensitize oxygen at 

the wavelengths used to irradiate miniSOG, and this effect can be destroyed by the mercurial, 

mersalyl acid (MA).87 In samples that were fixed, blocked, and then incubated in MA (5 mM, 30 

min) prior to photooxidation, mitochondria exhibited an 8-fold reduction in DAB signal under EM 

compared to samples that did not undergo mersalyl acid treatment with respect to non 

photooxidized areas (Figure 2.6b). With this blocking step included, EM of DAB-positive puncta in 

neurons expressing PSD95 tagged with either TS:YSOG1 or TS:YSOG2 reliably revealed 

synaptic structures with excellent ultrastructural preservation and with the highest electron density 

underneath the postsynaptic membrane, as expected (Figure 2.6). These results confirm that 

photooxidizing TimeSTAMP tags allow high-resolution EM imaging. 
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Figure 2.6. Optimizing photooxidation conditions for TS:YSOG reporters. (a-c) MA treatment 
reduces mitochondrial background in photooxidized neurons. EM images of neurons expressing 
PSD95-TS:YSOG1 were photooxidized without (a) or with (b) MA pretreatment. Red arrowheads 
indicate mitochondria. In (b), DAB signal appears at a postsynaptic structure. (c) Analysis of MA 
effect on mitochondrial staining. Difference between samples is statistically significant (n = 21 
each, p < 1 x 10-6 by one-factor ANOVA). MA significantly reduced mitochondrial signal after 
photooxidation (p < 0.0001 by Tukey’s HSD, asterisk), but not significantly different from no 
photooxidation (p > 0.05 by Tukey’s HSD). Error bars represent SEM. (d-e) Multiple 
representative examples of synapses detected by PSD95-TS:YSOG1 (d) and PSD95-TS:YSOG2. 
Scale bars are all 200 nm. 
 
 

Following the fates of newly synthesized PSD95 proteins by EM 

With these improvements, it should now be possible to visualize the localization of new 

proteins with high temporal and spatial resolution by correlated fluorescence and electron 
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microscopy. To label new PSD95 copies, we expressed TS:YSOG1 fused to PSD95 in primary 

neurons and added BILN-2061 (1 µM) at DIV14, a time of synaptogenesis, for 6 hr to label 

proteins that were synthesized up to 6 hr before fixation. Under fluorescence microscopy, YFP 

signal appeared diffusely throughout the dendrite except for a few large puncta (Figure 2.7a, left, 

red square). These puncta appeared larger than typical PSDs that were observed previously 

(Figures 2.4), but the resolution of fluorescence microscopy was insufficient to determine if they 

contain synapses. We then performed photooxidation and obtained a pattern of DAB deposition 

similar to YFP fluorescence (Figure 2.7a, right, red square). EM imaging of this sample revealed 

less overall PSD staining than in neurons that had been treated with BILN-2061 for 48 hr (data 

not shown), which is consistent with our observations at the fluorescence level that there was less 

spine labeling. These data indicate that PSD95 turns over more slowly at PSDs of mature 

synapses because they are labeled to a lesser extent after a 6-hour BILN-2061 incubation, which 

is consistent with previous results from optical microcopy.66, 88, 89  
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Figure 2.7. Tracking new PSD95 populations in neurons by correlated light and electron 
microscopy of PSD95-TS:YSOG1. Transfected cells 6 hr (a) or 12 hr (c) after drug application 
were visualized by confocal fluorescence microscopy for YFP (left) and then photooxidized with 
miniSOG and visualized by transmitted light microscopy (right). (a) After 6 hr in BILN-2061, new 
PSD95 protein was visible throughout shafts with enrichment in 2 µm-wide accumulations (red 
box). (b) EM imaging of this region after photooxidation revealed a diffuse accumulation of 
membrane-bound and cytoplasmic PSD95 (cyan arrowheads) in contact with an axonal region 
with a low density of vesicles. (c) After 12 hr in BILN-2061, new PSD95 protein was visible 
throughout shafts and in numerous puncta less than 1 µm wide. (d-e) Two areas with high YFP 
signal (orange and green boxes in c) were identified by fluorescence and imaged by EM. EM 
imaging of the region within the orange box (d) and the green box (e) after photooxidation 
revealed two dendritic branches and a growth cone structure, respectively, containing DAB-
labeled PSD membranes (red arrowheads) apposing mature presynaptic structures.  
 
 

EM imaging of one large fluorescent punctum (red square in Figure 2.7a), revealed the 

signal to be within a dendritic protrusion and containing diffuse DAB signal (Figure 2.7b). There 
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was little signal in the rest of the dendrite (Figure 2.7b, top), suggesting that new PSD95 was 

preferentially localized to these diffuse accumulations. The dimensions of this accumulation were 

2-µm wide and 0.6-µm deep (Figure 2.7b, bottom, cyan arrowhead), larger in each axis than a 

mature PSD.84 The presence of PSD95 that is not membrane associated implies that some 

PSD95 protein may not be palmitoylated.72 In addition, the microtubule network appeared 

disorganized in this protrusion, suggesting that this was a dynamic structure in the cell.90 This 

protrusion apposed an axonal segment with a low density of vesicles (fewer than 4 within 100 

nm), a criterion used to describe immature synapses under EM.91 We speculate that this structure 

may be a newly forming synapse, as new synapses often arise at sites with diffuse accumulations 

of PSD95.37, 92 Newly synthesized PSD95 clusters have been observed previously at a 

fluorescence level, and have been speculated to be the site for new synaptic junctions.92 

In neurons expressing PSD95-TS:YSOG1 that had been treated with BILN-2061 for 12 hr 

at DIV14, we observed heavy labeling of new PSD95 protein at dendritic branch points and 

growth cones both at a fluorescence and EM level. By light microscopy, new PSD95 copies 

appeared both diffusely and in clusters throughout branching regions (Figure 2.7c, e.g., orange 

square) and growth cones (Figure 2.7c, e.g., green square) in the dendrite, which has been 

observed previously by fluorescence.92 EM imaging at a branching point (orange square in Figure 

2.7c) revealed DAB signal at membranes apposing mature presynaptic structures within 

branches but not within the main process (Figure 2.7d, red arrowheads). EM imaging at a growth 

cone also revealed DAB signal at membranes apposing mature presynaptic structures within the 

entire growth cone but not within the main process (Figure 2.7e, red arrowheads). These 

accumulations measured 500-nm wide and less than 30-nm deep, dimensions typical for a 

mature PSD.84  

 

Imaging old PSD95 protein populations by correlated LM and EM 

In the previous applications of TS:YSOG reporters (Figures 2.4-2.7), BILN-2061 was 

administered as a step function from a chosen onset time until cell fixation, thus cumulatively 
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recording all copies of PSD95 synthesized since drug onset. To pulse-label PSD95 synthesized 

in a specific time window, we incubated 12-DIV neurons expressing PSD95-TS:YSOG2 with 1 

µM BILN-2061 for 48 hr and then removed drug for 6 hr, thereby labeling PSD95 copies that are 

at least 6 hr old. By light microscopy, we observed YFP signal in small and bright puncta in distal 

neuronal processes (Figure 2.8a). We also noticed a decrease in diffuse YFP signal in soma and 

proximal processes compared to neurons maintained continuously in drug, suggesting that 

proteins labeled in the pulse period have moved out of the soma and proximal processes. After 

photooxidation of DAB, we visualized by EM two dendritic areas within a transfected cell. A more 

proximal area (Figure 2.8a, cyan box) that had only dim diffuse signal by fluorescence 

microscopy exhibited no specific DAB signal by EM, suggesting clearance of PSD95 proteins 

from the cytosol 6 hr after synthesis (Figure 2.8b). A more distal area (Figure 2.8a, magenta box) 

containing multiple fluorescent puncta smaller than 1-µm diameter exhibited EM localization of 

labeled PSD95 proteins exclusively to PSDs of mature synapses, as indicated by 

submembranous staining apposed to presynaptic structures with abundant vesicles (Figure 2.8c). 

Taken together, these results show that new PSD95 proteins localize to synapses by 6 hr after 

synthesis in 14-DIV neurons.  
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Figure 2.8. Tracking new PSD95 populations in neurons by correlated light and electron 
microscopy of PSD95-TS:YSOG2. (a) Transfected cells incubated in drug for 48 hr followed by 
washout for 6 hr were visualized by confocal fluorescence microscopy for YFP (left) and then 
photooxidized with miniSOG and visualized by transmitted light microscopy (right). Pulse-labeled 
PSD95 protein was visible at low levels in shafts (cyan rectangle) with enrichment in numerous 
puncta less than 1 µm wide (magenta rectangle). (b) EM imaging in a dendritic shaft region 
containing no visible fluorescent puncta (cyan rectangle) revealed no accumulations of DAB. (c) 
EM imaging in an area with fluorescent puncta (magenta rectangle) revealed DAB-labeled PSDs 
at multiple synapses, detected as membrane-bound aggregations of 500-nm width (red 
arrowheads) apposing mature presynaptic structures. 
 
 

Discussion 

In this chapter, we used two EM labeling methods to track the production and localization 

of PSD95 by correlated light and electron microscopy, and both methods were successful in 

reporting TS-specific signal at the synapse. In the first method, we immunolabeled drug-
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dependent epitope tags on the TS:YFP reporter with HRP for immuno-EM. We chose HRP over 

immuno-gold because HRP is smaller and its signal can be amplified by DAB polymerization. 

Conventional immuno-EM using gold particles has faced several challenges such as finding 

optimizing fixation conditions to achieve good ultrastructure preservation while still allowing 

antigens to be recognized in their cross-linked environment.93 Furthermore, because signal from 

standard immuno-gold particles cannot be amplified without further degradation of the 

ultrastructure, the small but significant signal can be masked in the sample. Traditionally, labs 

have overcome this limitation by applying statistics across several biological replicates to 

unambiguously identify specific signal from background. Therefore, although previous studies 

using immuno-gold have revealed significant information on the structural organization of proteins 

like PSD95 at the synapse,84-86 its limitations would make it difficult to perform correlated light and 

electron microscopy with our reporter because it would require pooling EM data from several 

samples in order to fit a given fluorescence signal. Immuno-EM of drug-dependent epitope tags 

embedded within the TS:YFP reporter did reveal new copies of PSD95, thereby demonstrating 

that this method can be used to visualize previously published TS reporters with high spatial 

resolution under EM.37 However the detergents required for antibody access degraded 

ultrastructural preservation, similar to other immuno-EM techniques,84-86 leading to lower spatial 

resolution as well as ambiguity in resolving fine structures at synapses. Therefore, immuno-EM 

was able to increase the spatial resolution of the TS:YFP reporter, but not to subsynaptic levels. 

In the second method, we added miniSOG, a genetically encoded EM marker, to TS:YFP 

(TS:YSOG) and TS:OFP (TS:OSOG). In fixed tissue, miniSOG efficiently generates singlet 

oxygen when illuminated by blue light, which can locally polymerize DAB for conventional EM 

imaging. We incorporated miniSOG into the TS:YFP cassette in an inducible manner such that 

only in the presence of the inhibitor does miniSOG remain intact and fused to the protein of 

interest. Photooxidation of TS:YSOG1, TS:YSOG2, and TS:OSOG allowed for better preservation 

of the ultrastructure, similar to conventional label-free EM methods.84 Compared to antibody-

based methods, TS:YSOG and TS:OSOG reporters exhibit more favorable properties for 
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correlated light and electron microscopy. The signal of miniSOG can be amplified by 

photooxidation to resolve small signals in single samples, and it is more sensitive than antibody-

mediated methods, which typically do not achieve stoichiometric binding of all target molecules by 

antibody. In most situations, miniSOG is likely to be more specific as well because it does not 

suffer from poor specificity of antibodies. Finally, miniSOG detection does not require sample 

permeabilization, allowing better ultrastructural preservation. TS:YSOG1, TS:YSOG2, and 

TS:OSOG can be used to report protein production in EM by BILN-2061 application, but only 

TS:YSOG2 can be used to report protein fate in EM by drug washout. However, TS:YSOG2 is 

limited by C-terminal fusion to proteins of interest due to the presence of a second destabilizing 

His residue at the N-terminus of the C-terminal cleavage product that will target any C-terminal 

elements for degradation in the absence of BILN-2061. 

Our results demonstrate that visualizing new and old PSD95 proteins by correlated light 

and electron microscopy with TS:YSOG1 and TS:YSOG2 provides a more complete picture of 

their localization and environment. By fusing these reporters to PSD95, we found that new and 

old populations of PSD95 exhibited distinct localization patterns both at the cellular and synaptic 

level. New PSD95 copies were more abundant at growing areas of the dendrite, such as dendritic 

protrusions (Figure 2.7a-b), dendritic branches (Figure 2.7c-d), and growth cones (Figure 2.7c,e). 

New PSD95 copies were less abundant in PSDs of mature spines, whereas older PSD95 

populations were only observed at mature synapses (Figure 2.8). These observations indicate 

that PSD95 turns over more slowly at PSDs of mature synapses, which is consistent with 

previous reports from optical microcopy.66, 88, 89 Therefore, younger PSD95 populations do not 

simply replace old PSD95 populations, but they display distinct localization and may have distinct 

functions at growing areas of the neurons. 

New PSD95 populations also exhibited unique synaptic accumulation at each of these 

structures. In dendritic protrusions (Figure 2.7a-b), new copies that were less than 6 hr old 

accumulated throughout the protrusion and nowhere else along the process. Because this 

protrusion had a vesicle-sparse apposing presynaptic terminal and because most the new PSD95 
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proteins were cytosolic and likely not palmitoylated, we speculate that this region is an immature 

synapse.66, 91	  This data suggests that new PSD95 proteins are in high demand at developing 

spines and may play an integral role in synapse maturation, which is consistent with previous 

reports.25, 79 In the dendritic branches and growth cones (Figure 2.7c-e), new copies of PSD95 

accumulated along membranes that made contact with vesicle-rich presynaptic membranes. This 

could suggest that recruitment of PSD95 to mature postsynaptic sites may require palmitoylation, 

which has been suggested previously.92 These areas could reflect a later stage in synaptic 

development when both presynaptic sites have accumulated vesicles and the PSD is more 

completely developed.94 

At a fluorescence level, it would have been difficult to distinguish PSD95 labeling at these 

subcellular structures because of the limited spatial resolution and contextual information of light 

microscopy. Super-resolution optical microscopy has recently undergone great strides to allow 

resolution of single targets below the diffraction limit,95-98 but it cannot provide the same 

contextual information as TS:YSOG because it is limited by the number of distinct fluorophores 

that can be simultaneously imaged with sufficient wavelength separation. It would be difficult to 

put resolvable optical labels not only on the protein of interest such as PSD95 but also on all of its 

relevant context, such as postsynaptic membranes, presynaptic membranes, synaptic vesicles, 

and microtubules. EM inherently includes such context as long as ultrastructural preservation is 

adequate. The only alternative technique for EM imaging of new vs. old copies of a genetically 

defined protein involves FlAsH and ReAsH labeling of tetracysteine (TC) motifs.99 However, the 

modest singlet oxygen quantum yield of ReAsH makes it much less sensitive than miniSOG as 

an EM tag. The biarsenical dyes also suffer from higher nonspecific background labeling, 

potential toxicity, and difficulty in application to intact tissues and organisms. Thus the TS:YSOG 

reporters offer a relatively simple method for ultrastructural resolution of either newer or older 

copies of a genetically selected protein. In the future, these reporters could also be used to 

visualize proteins that are synthesized after electrical or chemical stimulation or inhibition with EM 

resolution, similar to what has been done with TS:YFP at a fluorescence level (Chapter 1).  
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Methods 

Reagents: 

Plasmids encoding PSD95 to TimeSTAMP cassettes37 were modified by standard 

molecular biology techniques including polymerase chain reaction, restriction enzyme digestion, 

and ligation to create new TimeSTAMP variants. New linker sequences were introduced with 

synthetic oligonucleotides. All subcloned fragments were sequenced in their entirety to confirm 

successful construction. Full sequences of all plasmids in this study are available upon request. 

BILN-2061 and ITMN-191 were synthesized by a contract synthesis company (Acme).  

 Primary antibodies used were mouse monoclonal anti-PSD95 (NeuroMab), mouse 

monoclonal anti-AU1 (Covance MMS-130R), rat monoclonal anti-HA (Roche), and rabbit anti-

synapsin (Chemicon). Rabbit polyclonal miniSOG antibody was generated by QED Biosciences 

against whole miniSOG protein. For immunoblotting, primary antibodies were used at 0.1-0.4 

µg/mL and HRP-conjugated goat secondary antibodies (Zymed) at 0.1 µg/mL. For 

immunofluorescence, primary antibodies were used at 0.5-1 µg/mL and Alexa Fluor 568- and 

647-conjugated goat secondary antibodies (Invitrogen) at 0.5 µg/mL. 

 

Cell culture:  

HEK293 cells (ATTC, Rockville, MD) were cultured in Dulbecco’s modified eagle medium 

(DMEM) medium (Gibco) with 10% v/v fetal bovine serum (FBS), penicillin (50 U/mL), and 

streptomycin (50 µg/mL). One day after subculturing, cells were transfected with a TS construct 

and mOrange at a 4:1 ratio using Lipofectamine 2000. One day after transfection, the media was 

changed and BILN-2061 (1 µM) was added to treatment groups. Cells were washed with 0.1 M 

Dulbecco’s phosphate-buffered saline (DPBS) and imaged 24 – 48 hr afterward on an Axiovert 

200 epifluorescence microscope (Zeiss) using the following filter sets: EX495/10, DM515, 

EM535/25 (YFP); EX460/20, DM515, EM535/25 (miniSOG); and EX540/25, DM560, EM595/50 

(mOrange). After imaging was completed, cells were lysed with lithium dodecyl sulfate (LDS) 

buffer (Nupage) with 10% 2-mercaptoethanol for Western blot analysis.  
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Dissociated rat cortical and hippocampal neurons (P2) were plated onto glass bottom 

culture dishes (P35G-0-14-C, MatTek Corp., Ashland, MA) in Neurobasal-A (Invitrogen) with 5% 

FBS (v/v), B27 supplement (Invitrogen), GlutaMAX (Invitrogen), penicillin (50 U/mL), and 

streptomycin (50 µg/mL) and were transfected by Amaxa electroporation (Lonza AG, Germany). 

Neurons were maintained for 2 weeks in Neurobasal-A with B27 supplement, GlutaMAX, and 

penicillin/streptomycin at 5% CO2. 

 

Western blotting and immunoprecipitation 

HEK293 cells were rinsed quickly in Hank’s balanced saline solution (HBSS) and 

immediately lysed in NuPage LDS sample buffer (Invitrogen) with 10% 2-mercaptoethanol and 

boiled for 5 min. Lysates were run on NuPage 4-12% Novex Bis-Tris gel (Invitrogen), transferred 

onto a PVDF membrane (Invitrogen), blocked with 10% milk in tris-buffered saline with 0.1% 

tween-20 (TBST), and incubated in primary antibody overnight at 4 °C in 3% bovine serum 

albumin in TBST. After thoroughly rinsing in TBST, membranes were incubated in HRP (goat 

anti-mouse) for 45 min at room temperature, rinsed thoroughly in TBST, and then stained by 

chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate, Thermo). 

Immunoprecipitation was performed using Protein G Magnetic Beads (New England Bio Labs, 

Inc.), according to the manufacturer’s instructions. 

 

Immunofluorescence 

 To quantify effects of TimeSTAMP expression on synaptic density, cortical and 

hippocampal neurons were dissociated, electroporated, and plated on washed coverslips coated 

with poly-D-lysine. Neurons were cultured in the absence of BILN-2061 or in its presence from 4 

to 14 DIV. Neurons were fixed by the addition of one culture volume of 8% paraformaldehyde for 

15 min at room temperature, then washed in phosphate-buffered saline (PBS), blocked in PBS 

with 5% non-immune goat serum, and probed for synapsin and HA according to standard 

procedures. Specificity of secondary antibodies was confirmed in control samples without primary 
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antibody. Coverslips were mounted in Vectashield (Chemicon) and sealed with nail polish. 

Conditions were randomized and blinded, then images of 7-10 neurons per condition were 

obtained on an Olympus IX81 using a 20x 0.7 numerical aperture (NA) lens and a FV1000 

confocal scanning system, using a 40x oil-immersion lens. A stack of optical sections with 1024 x 

1024 resolution at 1-µm intervals through each neuron was obtained and then flattened in a 

maximum intensity projection. Blinded quantitation of synaptic density was performed as 

previously described.37 Analysis was performed on an Apple Macintosh notebook computer using 

the public domain NIH ImageJ program (developed at the U.S. National Institutes of Health and 

available on the Internet at http://rsb.info.nih.gov/nih-image). 

 

Time-lapse microscopy 

 To follow fluorescence development of TS:YFP tags in transfected HEK293 cells, cells 

were cultured and transfected on glass-bottom dishes in DMEM with 10% fetal bovine serum. 

One day after transfection, DMEM was exchanged for HBSS with B27. Cells were imaged on a 

Zeiss Axiovert 200M equipped with a xenon arc lamp, a 20x 0.7 NA lens, a Photometrics 

Cascade II 1024 camera, and a stage-top environmental chamber with temperature set to 35 °C 

and humidity to 100%. Images were acquired before and at various times after BILN-2061 

addition with exposure times selected to avoid sensor saturation. To plot normalized fluorescence 

versus time, total background-subtracted fluorescence from individual cells at each time point 

was measured using ImageJ software and normalized to the maximum value for each cell. 

 They were also imaged on an Olympus IX81 using a 20x 0.7 NA lens and a FV1000 

confocal scanning system. For confocal imaging, the following settings were used: excitation with 

a 488 nm argon-ion laser line at 10% power and a 559 nm laser diode at 10% power, pinhole 200 

µm, scan resolution 1024 by 1024 pixels, scanning speed 1 µs per pixel, photomultiplier voltage 

700 V, digital gain 1. In either imaging system, fields including transfected neurons identified by 

mCherry fluorescence were imaged before and at various times after BILN-2061 addition. A stack 



	  

	  

65 

of optical sections at 1 µm intervals through each neuron was obtained at each position and time 

point, then flattened in a maximum intensity projection. 

 

Immunocytochemistry for EM 

For conventional immuno-EM labeling, cells were fixed in 4% paraformaldehyde and 

0.1% glutaraldehyde in PBS (0.1 M, pH 7.4) for 30 min, rinsed several times in chilled buffer, and 

incubated in permeabilizing buffer (0.1% triton in PBS) for 5 min. Then cells were incubated in 

primary antibody (monoclonal antibody to HA 1:1,000, Roche clone 12CA5) in 0.01% triton and 

5% normal goat serum (NGS) in PBS at 4 °C for 3 hr to overnight, secondary conjugated to biotin 

(Goat anti mouse, 1:1,000) in 5% NGS in PBS at 4 °C for 1 – 2 hr, and streptavidin-HRP (1:100) 

in 5% NGS in PBS at 4 °C for 1 hr, allowing for sufficient washing in 5% NGS in PBS on ice after 

each incubation. Fluorescent cells were identified and registered by the grid on the cover glass of 

these dishes. Confocal images of these cells were taken with minimum exposure using a BioRad 

MRC-1024 inverted confocal microscope or similar inverted fluorescence microscope to identify 

transfected cells and for correlative light microscopic imaging. Then the buffer was replaced with 

DAB (1 mg/mL) and H2O2 (0.001%) in 0.1 M PBS. Cells in the registered grids were monitored 

under a transmission microscope until a light brown reaction product became visible. The dish 

was then removed from the microscope and washed in chilled buffer (5x2 min) and post-fixed in 

2% glutaraldehyde in 0.1 M PBS on ice for 20 min and then in 1% osmium tetroxide (Electron 

Microscopy Sciences) in 0.1 M PBS on ice for 30 min. Cells were then washed in chilled buffer 

twice and rinsed in distilled water and stained with 2% aqueous uranyl acetate (Ted Pella Inc.) for 

1 hr to overnight at 4 °C. The samples were then dehydrated in a cold graded ethanol series 

(20%, 50%, 70%, 90%, 100%, 100% 100%) 2 min each, rinsed once in room temperature 

anhydrous ethanol, and infiltrated in Durcupan ACM resin (Electron Microscopy Sciences) using 

1:1 anhydrous ethanol and resin for 30 min, then 100% resin 2×1 hr, then into fresh resin and 

polymerized in a vacuum oven at 60 °C for 48 hr. 
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Photooxidation 

Sample preparation for photooxidation was performed as described previously.36 The 

following step was added to reduce mitochondrial background: incubation with mersalyl acid (5 

mM) followed by several rinse steps in chilled buffer before photooxidation. This extra blocking 

step reduced mitochondrial darkening by a factor of 8 with respect to mitochondria in non-

photooxidized areas (Figure 2.6).  

 

Electron Microscopy 

Labeled and imaged areas of embedded cultured cells were identified by transmitted light 

and the areas of interest were sawed out using a jeweler's saw and mounted on dummy acrylic 

blocks with cyanoacrylic adhesive. The coverslip was carefully removed, ultrathin sections were 

cut using an ultramicrotome, and electron micrographs were imaged using a 1200 TEM (JEOL) 

operating at 80 keV. 

 

 Chapter 2, in part, has been submitted for publication. The dissertation author was the 

primary investigator and author of this material. Mason Mackey assisted with electron microscopy 

sample preparation and imaging. Xiaokun Shu and Michael Lin assisted with the study design. 

Roger Tsien and Mark Ellisman supervised the project and provided advice.  

 



	   67 

CHAPTER 3 

 

Resolving multiple synaptic signals in the electron microscope using electron energy loss 

spectroscopy 

 

Abstract 

 While standard EM techniques can provide a wealth of knowledge about cellular and 

subcellular environments, EM of specific diaminobenzidine (DAB) signals, such as by miniSOG 

photooxidation, can be ambiguous because of the gray scale readout of both DAB and contrast 

agent signals. This chapter describes a novel approach to spectroscopically distinguish specific 

DAB signals in EM using a diethylenetriaminepentaacetic acid (DTPA) conjugate of DAB 

(DAB2DTPA) loaded with lanthanides (Ln3+) that are elementally differentiable by electron energy 

loss spectroscopy (EELS). When Pr-DAB was applied to neurons expressing PSD95-TS:YSOG1 

during photooxidation, a Pr-enriched DAB product was generated that was detectable only at the 

PSD of transfected neurons by EELS, thereby demonstrating the power of the technique to pick 

out DAB signal. Current investigations are underway for adding a second color to this process by 

using an orthogonal DAB-labeling method to miniSOG in which the two signals can be 

independently tagged with a different lanthanide-coupled DAB to generate an EM-visible local 

precipitate with a distinctive EELS signature. Orthogonal tags that were tested include: ReAsH 

photooxidation with yellow light, horse radish peroxidase (HRP) reaction catalyzed by H2O2, and 

methylene blue (MB) photooxidation with red light. While ReAsH and genetically encoded HRP 

exhibited limitations as orthogonal tags to miniSOG, streptavidin-HRP added by antibody labeling 

and MB both remain promising orthogonal tags to miniSOG for 2-color EM by EELS. 

 

Introduction 

A wide variety of super-resolution optical techniques have been developed to improve 

spatial resolution of light microscopy (LM) towards that of electron microscopy (EM) because LM 
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allows for specific labeling of multiple target proteins with spectrally separable fluorophores.95-98 

However, super-resolution fluorescence microscopy can only resolve specifically tagged proteins 

against an uninformative black background.95 EM provides enormous detail of subcellular 

structures labeled by standard contrast agents, such as osmium, uranyl acetate, and lead, 

allowing for visualization of crucial elements of subcellular context such as organelles, 

cytoskeleton, or specialized domains of plasma membrane. These features would only visible by 

LM if they were individually tagged with a fluorescent marker of a spectrally distinct color. 

Therefore, LM is limited by the use of many distinct genetically marked proteins in the same cell, 

which can be a laborious and low-yield, and by the cost and availability of the instrumentation for 

such multi-color super-resolution techniques. A recent approach to see both the protein of interest 

and its cellular context is to image the same specimen first with super-resolution fluorescence 

microscopy to find a genetically tagged protein, then again with EM to see its cellular context.95 

This laborious and demanding technique requires major compromises in fixation and EM staining 

as well as silica or gold beads added as fiducial marks to co-register the two imaging modalities. 

The huge popularity of multicolor fluorescence necessitates resolving the relative localization of 

two or more proteins in a single section by EM, which would become far more powerful with the 

greater spatial resolution compared to LM. 

While standard EM techniques can provide a wealth of knowledge about cellular and 

subcellular environments, EM of specific diaminobenzidine (DAB) signals, such as by miniSOG 

photooxidation, can be ambiguous because of the gray scale readout of both DAB and contrast 

agent signals. It is particularly difficult to distinguish specific DAB signal from the inherent electron 

density of the postsynaptic density (PSD) by EM, such as in Chapter 2. Furthermore, whereas 

resolving multiple signals in LM using different fluorophores is quite common, resolving multiple 

DAB signals in EM presents a far greater challenge. Resolving multiple proteins by EM has 

previously been achieved using antibody labeling with immuno-gold of different sizes.100 However, 

conventional immuno-EM using gold particles has faced several challenges such as finding and 

optimizing fixation conditions to achieve good ultrastructure preservation while still allowing 
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antibodies access to antigens in a heavily cross-linked environment. In addition, small and large 

gold particles require pattern recognition and sparse labeling to distinguish, and they are likely to 

differ in penetration depth and detection sensitivity. Furthermore, because signal from standard 

immuno-gold particles cannot be amplified, small but significant signal can be masked in the 

sample. Traditionally, labs have overcome this limitation by applying statistics across several 

biological replicates to unambiguously identify specific signal from background. Therefore, 

although previous studies using immuno-gold have revealed significant information on the 

structural organization of synaptic proteins,84-86 its limitations would make it difficult to perform 

correlated light and electron microscopy of distinct signals at a single synapse. 

When a sample is exposed to an electron beam during EM, some of the electrons from 

the beam will lose energy as they interact with the sample, which can be measured by electron 

spectroscopy. The energy needed to lose an electron from an atom is distinct for different atoms, 

and a spectrum of electron energy loss in a sample can give specific and characteristic atomic 

peaks that indicate which elements are present in the sample. This chapter describes a novel 

approach to spectroscopically distinguish specific DAB signals in EM using a 

diethylenetriaminepentaacetic acid (DTPA) conjugate of DAB (DAB2DTPA) loaded with 

lanthanides (Ln3+) (Ln3+-DABs) that are elementally differentiable by electron energy loss 

spectroscopy (EELS). Photooxidation of neurons expressing PSD95-TS:YSOG1 and treated with 

BILN-2061 for 24 hr with Pr-DAB preserved specific but ambiguous DAB signal by convention EM 

but also introduced Pr-specific peaks by EELS that were only detectable at PSDs of transfected 

neurons . Therefore photooxidation with Ln3+-DABs does not affect DAB readout by conventional 

EM and it provides location information for DAB-specific product by EELS. Current investigations 

are underway for adding a second color to this process by using an orthogonal DAB-labeling 

method to miniSOG in which the two signals can be independently tagged with a different 

lanthanide-coupled DAB to generate an EM-visible local precipitate with a distinctive EELS 

signature. Orthogonal tags that were tested include: ReAsH photooxidation with yellow light, 

horse radish peroxidase (HRP) reaction catalyzed by H2O2, and methylene blue (MB) 
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photooxidation with red light. While ReAsH and genetically encoded HRP exhibited limitations as 

orthogonal tags to miniSOG, streptavidin-HRP added by antibody labeling and MB both remain 

promising orthogonal tags to miniSOG for 2-color EM by EELS. 

 

Results 

Distinguishing DAB signal in EM by EELS 

Our lab has developed a novel approach to spectroscopically distinguish specific DAB 

signals in EM using Ln3+-DABs that are elementally differentiable by EELS (Figure 3.1a). These 

Ln3+-DABs react like standard DAB to produce an EM-rich signal enriched with specific and 

distinguishable lanthanides. Each lanthanide has a unique electron energy loss spectrum with 

defining peaks that can be measured with high spatial resolution by EELS on EM thin sections. 

Therefore, in the transmission electron microscope, distinct EELS peaks for a given lanthanide 

can be scanned across the sample to distinguish areas that contain that specific DAB reaction 

product. For instance, a neuron expressing TS:YSOG1 fused to postsynaptic density protein 95 

(PSD95) and exposed to BILN-2061 for 24 hr was photooxidized with Pr-coupled DAB and 

prepared for EM (Figure 3.1b-d). EELS of this sample exhibited distinct Pr-specific peaks, 

indicating the presence of Pr in the sample (Figure 3.1e). When these Pr-specific peaks were 

mapped over the area in Figure 3.1d, Pr was detected at the PSD, as expected, but is excluded 

from other electron dense structures (e.g., intracellular membranes on presynaptic vesicles) that 

should not contain PSD95 (Figure 3.1f). 
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Figure 3.1. EELS at a single synapse with photooxidized Pr-DAB labeling PSD95 fused to 
TS:YSOG1 in neurons. (a) Structure of DAB and DAB2DTPA coupled to Ln3+ for EELS labeling. 
(b) TS:YSOG1 reporter fused to PSD95. (c) A neuron expressing PSD95-TS:YSOG1 and 
exposed to BILN-2061 for 24 hr. YFP fluorescence (left) and miniSOG photooxidation of Pr-DAB 
(right) signals overlap well. (d) EM at a single synapse exhibiting specific signal at the PSD. (e) 
EELS of the area in d exhibiting Pr-specific peaks. (f) Map of the area in d that contain Pr-specific 
EELS peaks. 
 
 

Resolving two colors in EM by EELS 

This novel multicolor EM technique is well suited to visualizing new and old PSD95 

protein populations labeled by the TS:YSOG reporters described in Chapter 2 with respect to 

mature presynaptic structures labeled. In Chapter 2, expressing TS:YSOG reporters fused to 

PSD95 in primary neurons revealed that new PSD95 copies accumulate in structures that 
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resemble immature synapses because they appose vesicle-sparse presynaptic structures, 

whereas old PSD95 copies accumulated only at structures that resembled mature synapses with 

abundant vesicles. However, localization of the TimeSTAMP signal with respect to a mature 

presynaptic marker is necessary to provide direct evidence for different synaptic localization of 

new and old PSD95 protein copies. Adding a second color to this preparation to label mature 

presynaptic structures requires the use of an orthogonal DAB-labeling method in which the two 

signals can be independently tagged with a different lanthanide-coupled DAB to generate an EM-

visible local precipitate with a distinctive EELS signature. Orthogonal DAB labeling methods 

include miniSOG photooxidation, ReAsH photooxidation, MB photooxidation, and HRP-catalyzed 

chemical reaction. Because miniSOG and ReAsH fluorophores can be independently excited for 

fluorescence readout or singlet oxygen generation,36, 99 these two fluorophores are ideal 

candidates to label two proteins by correlated LM and EM, using EELS to resolve EM signals.  

 

2-color photooxidation using miniSOG and ReAsH 

In a preliminary proof of principle experiment, cultured neurons expressing PSD95 fused 

to miniSOG or neurexin (Nxn) was fused to a tetracysteine (TC) motif were labeled with the 

membrane-permeant biarsenical dye ReAsH while the neurons were alive. After fixation and 

blocking, the sample was illuminated with blue light to excite the miniSOG in the presence of a 

La3+ conjugate of DAB (La-DAB), causing local deposition of La on top of the PSD95. After the 

miniSOG was fully bleached, residual amino groups on the precipitate were acetylated with acetyl 

imidazole to prevent copolymerization of fresh DAB conjugates. ReAsH was then excited with 

yellow illumination in the presence of a Ce3+ conjugate of DAB (Ce-DAB), causing local 

deposition of Ce-loaded precipitate on top of the Nxn. Finally OsO4 was applied to produce 

standard EM contrast and add extra electron density to both DAB precipitates. The upper left 

panel shows the EELS spectrum showing the characteristic peaks for La and Ce before and after 

subtraction of the nonspecific continuum background. The resulting La and Ce images, false 

colored green and red, respectively, are shown separately in the lower panels, together with the 
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standard EM image indicating total electron density. The upper right panel is the merged 

composite image, showing a synapse with Ce (reflecting Nxn) on one side and La (reflecting 

PSD95) on the other.  

 

 

Figure 3.2. EELS at a single synapse with photooxidized La-DAB labeling PSD95 fused to 
miniSOG and photooxidized Ce-DAB labeling Nxn fused to TC and labeled with ReAsH. (Top, 
left) EELS spectrum collected at the synapse before (envelope) and after (green traces next to x-
axis) subtraction of continuum background. (Bottom, left to right) La signal, Ce signal, and normal 
EM signal at the synapse. (Top, right) Merged image La and Ce signal overlaid on the EM image. 
Note that the Ce signal is brightest on the presynaptic membranes enclosing synaptic vesicles 
and the La signal is brightest on the apposing postsynaptic membranes, and there is little overlap 
of the two signals. The La-DAB conjugate was incipiently precipitating, possibly explaining the 
extraneous diffuse green signal in this imperfect preliminary demonstration. 
 
 

A major limitation of this preliminary two-color experiment was La-DAB coming out of 

solution during photooxidation of miniSOG, which resulted in dark, non-specific La-enriched 

puncta in the EM and EELS images (Figure 3.2). However, neither Ce-DAB nor Pr-DAB exhibited 

these solubility problems with ReAsH photooxidation (Figure 3.2) or miniSOG photooxidation 

(Figure 3.1), respectively. A variety of precautions were taken to alleviate these solubility 

!
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limitations. First, the Ln3+-DAB solutions were pre-filtered through a 0.22-µm filter to remove 

insoluble material before photooxidation. Second, photooxidation was performed at room 

temperature to increase the solubility of these Ln3+-DABs; however, warming to room 

temperature reduced the ultrastructural preservation in the sample. Third, the stream of oxygen 

that is applied to the sample during miniSOG photooxidation to facilitate singlet oxygen 

generation was bubbled in distilled water before reaching the sample to reduce water evaporation 

at the sample. A variety of lanthanides (La, Ce, Pr, Nd, and Yb) were coupled to DAB to test their 

solubility, and their EELS signature was measured by miniSOG photooxidation of each in 

neurons transfected with PSD95-TS:YSOG2 and incubated with BILN-2061 for 24 – 48 hr. All of 

the lanthanide-conjugated DAB molecules that were tested stayed in solution after taking these 

three solubility precautions and all exhibited sharp and distinct EELS peaks that localized well to 

the PSD of synapses (Figure 3.3). However, at cold temperatures (8 °C) that allow for better 

ultrastructural preservation, only Ce, Pr, and Nd conjugated DAB molecules remained soluble. 

Therefore, Ce-, Pr-, and Nd-DAB can be used to photooxidize samples for EELS under cold 

temperatures that do not sacrifice the ultrastructural preservation of the sample. 
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Figure 3.3. Testing the EELS signature of different lanthanide-conjugated DAB molecules. 
Neurons expressing PSD95 fused to TS:YSOG1 in neurons exposed to BILN-2061 for 24 hr were 
fixed and photooxidized with La-DAB (a), Ce-DAB (b), Pr-DAB (c), Nd-DAB (d), and Yb-DAB (e). 
Left panels show standard EM of a single labeled synapse; middle panels show the lanthanide 
map (when available); right panels show distinct EELS peaks for the lanthanide applied. 
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Another limitation of the preliminary two-color experiment in Figure 3.2 is the unreliable 

staining and high background of ReAsH in neurons. The following ReAsH staining conditions 

were tested to improve ReAsH signal to noise in neurons: ReAsH labeling time (1 – 12 hr), 

ReAsH loading concentration (0.2 – 2 µM), 1,2-ethanedithiol (EDT) loading concentration (10 – 

125 µM), EDT washing concentration (100 – 250 µM), and BAL washing concentration (100 – 

200 µM). The optimal condition (ReAsH labeling at 2 µM in 10 µM EDT for 2 hr followed by 

washing with 100 µM BAL) was still not sufficient to provide reliable ReAsH fluorescence or 

photooxidation signal in neurons. Therefore, 2-color EM prep with miniSOG and ReAsH was 

tested in MDCK cells, which exhibit much lower ReAsH background, stably expressing 

connexin43 (Cx43) fused to GFP-TC and transiently expressing histone H2B (H2B) fused to 

miniSOG. These two constructs were chosen because they label large subcellular structures that 

should not have any overlap in cells because Cx43 is a gap junction protein whereas H2B is a 

nuclear protein. Both GFP-TC (ReAsH) and miniSOG signals could be easily detected in the 

green fluorescence channel, but their signals could be distinguished based on location in the cell 

and whether there was co-localization of ReAsH signal in the red fluorescence channel. ReAsH 

fluorescence was dim in these cells, but it was still detectable. When miniSOG was photooxidized 

first in a specific area by illumination with blue light in the presence of Pr-DAB, the nuclei of 

transfected cells became darker, suggesting Pr-DAB deposition. However, when ReAsH was 

photooxidized in the same area with Ce-DAB, the nucleus became visibly darker as the 

membranes were darkening, suggesting Ce-DAB deposited on both the nucleus and gap 

junctions (Figure 3.4a). EELS at this photooxidized area confirmed these observations because 

Pr signal was only seen in the nucleus, but Ce signal was seen both in the nucleus and on the 

membrane. It is possible that miniSOG and/or the deposited DAB reaction product were 

photosensitive at the ReAsH photooxidation wavelengths, thereby suggesting that miniSOG 

photooxidation followed by ReAsH photooxidation cannot be used to generate 2 distinct colors for 

EELS.  
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Figure 3.4. 2-color EM with miniSOG and ReAsH. MDCK cells stably expressing Cx43-GFP-TC, 
transiently expressing miniSOG-H2B, and treated with ReAsH were prepared for 2-color EM by 
either photooxidizing miniSOG first and ReAsH second (a-b) or ReAsH first and miniSOG second 
(c-d). (a) Fluorescence (left), photooxidation (right) of miniSOG (top) and ReAsH (bottom). Note 
that the miniSOG channel also contains GFP signal from gap junctions. (b) EELS (left) and EM 
(right) of the area in a. Note that the nucleus contains both Pr and Ce signals while the 
membrane only contains Ce signal. (c) Fluorescence (left), photooxidation (right) of ReAsH (top) 
and miniSOG (bottom). (d) EELS (left) and EM (right) of the area in c. Note that the nucleus 
contains neither Pr nor Ce signals. 
 
 

When ReAsH was photooxidized first in the presence of Ce-DAB, the gap junctions in the 

area became darker, suggesting Ce-DAB deposition (Figure 3.4b). The nuclei did not become 

darker during ReAsH photooxidation, suggesting that the false positive signal seen in the already 

photooxidized nuclei in Figure 3.4a might be a result of DAB product and not miniSOG 
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photosensitization under ReAsH photooxidation wavelengths. However, when miniSOG was then 

photooxidized in this same area in the presence of Pr-DAB, no reaction project was generated in 

the nucleus (Figure 3.4b). EELS at this 2-color area confirmed these observations because 

neither Ce nor Pr signal was visible in the transfected nucleus. This loss in miniSOG 

photooxidation appeared be specific for prior deposition of any Ln3+-DAB because prior yellow 

light illumination in the absence or presence of regular DAB resulted in strong miniSOG 

photooxidation to generate Ln3+-DAB product in the nucleus (data not shown). Therefore, ReAsH 

photooxidation followed by miniSOG photooxidation also cannot be used to generate 2 distinct 

colors for EELS. 

 

2-color photo-oxidation using miniSOG and HRP 

Because miniSOG and ReAsH could not be used as orthogonal tag for 2-color 

photooxidation, HRP was also tested as an orthogonal label to miniSOG. HRP can be a genetic 

label in the secretory pathway, but is greatly limited by its requirements for tetramerization, 

glycosylation, and high Ca2+, such that it is not functional when expressed in the cytosol.101 

Therefore, an HRP fusion vesicle-associated protein 2 (VAMP2) was used for genetic encoding 

and expression on the plasma membrane and intracellular vesicles,102 and mCherry was added 

to the construct for fluorescence visualization. These two constructs were chosen because they 

label large subcellular structures and should not exhibit any overlap in cells because VAMP2 is a 

membrane protein whereas H2B is a nuclear protein. In HEK293 cells, this construct 

demonstrated good red fluorescence and good catalysis of DAB polymerization in the presence 

of H2O2 for an EM-readout.  

To test this construct as an orthogonal tag to miniSOG for 2-color EM, VAMP2-HRP- 

mCherry was co-transfected with miniSOG-H2B in HEK293 cells. Both mCherry and miniSOG 

signals could be easily distinguished on a fluorescence level (Figure 3.5). When miniSOG was 

photooxidized in a specific area by application of blue light in the presence of Pr-DAB, the nuclei 

of transfected cells became darker, suggesting Pr-DAB deposition. However, the membranes of 
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these transfected cells also became darker, suggesting that HRP was also depositing Pr-DAB 

under blue light (Figure 3.5a). Furthermore, HRP in that area would no longer catalyze 

subsequent Ce-DAB deposition. EELs at this 2-color area confirmed these observations because 

Pr signal was at both the nucleus and the membrane, but Ce signal was very weak in these 

samples and was completely absent from cell membranes. This loss of HRP reactivity was also 

observed when blue light was applied in the absence of DAB (data not shown), indicating that 

HRP reactivity is killed by blue light. Therefore, miniSOG photooxidation followed by HRP 

reaction cannot be used to generate 2 distinct colors for EELS. Alternatively, when the HRP 

reaction was performed first in the presence of Ce-DAB, the cellular membranes became darker, 

suggesting Ce-DAB deposition. However, subsequent photooxidation of miniSOG by application 

of blue light in the presence of Pr-DAB resulted in further membrane darkening, as expected 

based on results in Figure 3.5a showing HRP-dependent deposition of DAB in the presence of 

blue light, with very little darkening of the nucleus (Figure 3.5b). EELS at this 2-color area 

confirmed these observations because both Ce and Pr signals were observed on the membrane 

and to a lesser extent in the nucleus, as suggested by the noise in the spectrum (Figure 3.5b). 

Therefore, HRP reaction followed by miniSOG photooxidation also cannot be used to generate 2 

distinct colors for EELS. 
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Figure 3.5. 2-color EM with miniSOG and HRP. HEK293 cells expressing miniSOG-H2B and 
VAMP2-mCherry-HRP were prepared for 2-color EM by either photooxidizing miniSOG first and 
HRP second (a-b) or HRP first and miniSOG second (c-d). (a) Fluorescence (left), photooxidation 
(right) of miniSOG (top) and mCherry-HRP (bottom). (b) EELS (left) and EM (right) of the area in 
a. Note that the nucleus contains both Pr and Ce signals while the membrane only contains Pr 
signal. (c) Fluorescence (left), photooxidation (right) of HRP (top) and miniSOG (bottom). (b) 
EELS (left) and EM (right) of the area in a. Note that both the nucleus and the membrane 
contains Pr and Ce signals. 
 
 

The data presented in Figures 3.4 and 3.5 demonstrate sever limitations for 2-color 

photooxidation; however, the source of these limitations remains ambiguous due to the 

expression of multiple reporters. To validate the observations in Figures 3.4 and 3.5 and to 

determine the origin of these false positive or false negative signals, a series of negative control 

experiments were performed in which cells expressing only one construct for EM imaging were 
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assayed for the generation of true DAB signal (Pr-DAB) as well as false DAB signal (Ce-DAB) 

from orthogonal methods of polymerizing DAB. For example, to test the applicability of miniSOG, 

HEK293 cells expressing miniSOG-H2B were photooxidized with blue light (LYW filter) 

illumination in the presence of Pr-DAB either before or after illumination with yellow light (RSH 

filter), illumination with red light (CY5 filter), or treatment with H2O2 in the presence of Ce-DAB. 

When miniSOG was photooxidized first under LYW illumination, it gave strong Pr-DAB product 

(Table 3.1, rows 1-3, Figure 3.6a-b). However, subsequent blocking and RSH illumination gave 

strong false positive Ce-DAB product (+ in Product 2 column of row 2 of Table 3.1, red shading; 

Figure 3.6a, right), indicating that something in the sample is able to photooxidize DAB under 

RSH illumination. This false positive signal was not observed after CY5 illumination (- in Product 

2 column of row 3 of Table 3.1; Figure 3.6b, right), indicating that it was specific for RSH 

illumination. It is possible that miniSOG can generate sufficient singlet oxygen under yellow 

illumination to photooxidize DAB due to its broad absorption spectrum. However, in untreated 

HEK293 cells expressing miniSOG-H2B, RSH illumination itself did not result in DAB product 

formation (Table 3.1 rows 4-6; Figure 3.6d-e), indicating that this false positive signal requires 

prior DAB deposition. These results suggest that the DAB reaction product can generate 

sufficient singlet oxygen under RSH illumination to photooxidize DAB. Therefore, in a 2-color 

preparation, ReAsH photooxidation should always be performed first to avoid this source of false-

positive signal. 
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Table 3.1. Summary of 2-color negative control reactions (rxn). 

Row Sample Rxn 1 DAB 1 Product 1 Block Rxn 2 DAB 2 Product 2 
1 mSOG LYW Pr + yes  Ce - 
2 mSOG LYW Pr + yes RSH Ce + 
3 mSOG LYW Pr + yes CY5 Ce - 
4 mSOG  Ce - yes LYW Pr + 
5 mSOG RSH Ce - yes LYW Pr + 
6 mSOG CY5 Ce - yes LYW Pr + 
7 mSOG LYW Pr + yes H2O2 Ce - 
8 mSOG H2O2 Ce - yes LYW Pr + 
9 ReAsH RSH Pr + yes  Ce - 

10 ReAsH RSH Pr + yes LYW Ce + 
11 ReAsH RSH Pr + yes BLU Ce + 
12 ReAsH RSH Pr + yes CY5 Ce + 
13 ReAsH LYW Ce + yes RSH Pr + 
14 ReAsH BLU Ce + yes RSH Pr + 
15 ReAsH CY5 Ce - yes RSH Pr + 
16 ReAsH RSH Pr + yes H2O2 Ce - 
17 ReAsH H2O2 Ce - yes RSH Pr + 
18 HRP H2O2 Pr + yes  Ce - 
19 HRP H2O2 Pr + yes LYW Ce ++ 
20 HRP H2O2 Pr + yes BLU Ce ++ 
21 HRP H2O2 Pr + yes RSH Ce + 
22 HRP H2O2 Pr + yes Cy5 Ce - 
23 HRP  Ce - yes H2O2 Pr + 

24 HRP LYW Ce ++ yes H2O2 Pr - 
25 HRP LYW  - yes H2O2 Pr - 
26 HRP BLU Ce ++ yes H2O2 Pr - 
27 HRP BLU  - yes H2O2 Pr - 
28 HRP RSH Ce + yes H2O2 Pr + 
29 HRP CY5 Ce - yes H2O2 Pr + 
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Figure 3.6. Negative controls for miniSOG as one color for 2-color EM. (a-h) MiniSOG 
fluorescence (top), DAB reaction product 1 (middle), and DAB reaction product 2 (right) were 
imaged by light microscopy. (a-c) HEK293 cells expressing miniSOG-H2B were first 
photooxidized with blue light (LWY) in the presence of Pr-DAB followed by blocking and 
illumination with RSH (a), illumination with CY5 (b), or treatment with H2O2 (c) in the presence of 
Ce-DAB. Note that nuclei of photooxidized cells only became darker after RSH illumination. (d-f) 
HEK293 cells expressing miniSOG-H2B were first illuminated with RSH (d), illuminated with CY5 
(e), or treated with H2O2 (f) in the presence of Ce-DAB followed by blocking and photooxidation 
with blue light (LYW) in the presence of Pr-DAB. Note that nuclei did not become dark until 
photooxidation with blue light. 
 
 

To test the applicability of ReAsH, MCDK cells expressing Cx43-GFP-TC and stained 

with ReAsH were photooxidized with yellow light (RSH filter) illumination in the presence of Pr-

DAB either before or after illumination with blue light (LYW and BLU filters), illumination with red 

light (CY5 filter), or treatment with H2O2 in the presence of Ce-DAB. When ReAsH was 

photooxidized first under RSH illumination, it gave strong Pr-DAB product (Table 3.1, rows 9-12, 

Figure 3.7a-c). However, subsequent blocking and LYW, BLU, or CY5 illumination gave strong 

false positive Ce-DAB product (+ in Product 2 column of rows 10-12 of Table 3.1, red shading; 

Figure 3.7a-c, right), indicating that something in the sample is able to photooxidize DAB under 

LYW, BLU, or CY5 illumination. Because this false positive signal after CY5 illumination was not 

observed in photooxidized miniSOG-expressing cells (Table 3.1, row 6, Figure 3.6b), it is likely a 
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result of off-peak ReAsH absorption and not absorption and photooxidation from the deposited 

DAB product. Therefore, ReAsH cannot be used in combination with a red-absorbing 

photosensitizer. The false positive signal after blue light illumination with LYW or BLU is likely a 

result of either off-peak ReAsH absorption or absorption from the deposited DAB product. Before 

RSH photooxidation in these cells, both LYW and BLU illumination resulted in rapid DAB product 

formation (Table 3.1 rows 13-14; Figure 3.7e-f), which was 3-fold faster (5 min vs. 15 min) than 

photooxidation of ReAsH with RSH illumination. Therefore, ReAsH absorption for photooxidation 

is too broad to be used with the blue-absorbing miniSOG protein. Because LYW and BLU 

photooxidation of non-photooxidized ReAsH was slower than LYW and BLU photooxidation of 

photooxidized ReAsH samples, it is likely that both ReAsH and the DAB product absorbed blue 

light to generate the false signal in photooxidized ReAsH samples (Table 3.1, rows 10-11). These 

results suggest that the DAB reaction product can generate sufficient singlet oxygen under LYW 

and BLU illumination to photooxidize DAB, thereby indicating that miniSOG photooxidation should 

always be performed first to avoid this false-positive signal. Therefore, neither miniSOG nor 

ReAsH photooxidation can not be done in the same sample for 2-color EM because both require 

illumination that will result in photooxidation from an already deposited DAB and because ReAsH 

itself absorbs blue light. 
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Figure 3.7. Negative controls for ReAsH as one color for 2-color EM. (a-h) ReAsH fluorescence 
(top), DAB reaction product 1 (middle), and DAB reaction product 2 (right) were imaged by light 
microscopy. (a-d) MDCK cells expressing Cx43-GFP-TC and stained with ReAsH were first 
photooxidized with yellow light (RSH) in the presence of Pr-DAB followed by blocking and 
illumination with LYW (a), BLU (b), CY5 (c), or treatment with H2O2 (d) in the presence of Ce-DAB. 
Note that gap junctions of photooxidized cells became darker with LYW, BLU and CY5 
illumination. (e-h) MDCK cells expressing Cx43-GFP-TC and stained with ReAsH were first 
illuminated with LYW (e), BLU (f), CY5 (g), or treated with H2O2 (h) in the presence of Ce-DAB 
followed by blocking and photooxidation with yellow light (RSH) in the presence of Pr-DAB. Note 
that gap junctions became darker after illumination with LYW and BLU light. 
 
 

 HEK293 cells expressing miniSOG-H2B as well as MDCK cells expressing Cx43-GFP-

TC and stained with ReAsH were not sensitive to H2O2 treatment either before or after miniSOG 

photooxidation (Table 3.1 rows 7-8, 26-27; Figure 3.6c,f, Figure 3.7d,h). Therefore, HRP is a 

potential orthogonal tag to either of these EM tags. To test the applicability of HRP, HEK293 cells 

expressing VAMP2-mCherry-HRP were treated with H2O2 in the presence of Pr-DAB either 

before or after illumination with blue light (LYW and BLU), yellow light (RSH), or red light (CY5) in 
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the presence of Ce-DAB. When these cells were treated with H2O2 first, they deposited strong Pr-

DAB product on the membrane (Table 3.1, rows 18-22, Figure 3.8a-d). However, subsequent 

blocking and illumination with LYW, BLU, or RSH illumination gave strong false positive Ce-DAB 

product (+ in Product 2 column of rows 19-21 of Table 3.1, red shading; Figure 3.8a-c, right), 

indicating that something in the sample is able to photooxidize DAB under LYW, BLU, and RSH 

illumination. This false positive signal was not observed after CY5 illumination (- in Product 2 

column of row 22 of Table 3.1; Figure 3.8d, right), indicating that it was specific for LYW, BLU, 

and RSH illumination. These wavelengths have already been shown to photosensitize already 

deposited DAB product, but whether this false positive signal was also result of HRP absorption is 

unclear. Untreated HEK293 cells expressing VAMP2-mCherry-HRP also exhibited false-positive 

DAB signal after LWY, BLU, and RSH illumination, but not CY5 illumination (Table 3.1 rows 23-29, 

Figure 3.8e-h), indicating that HRP itself can absorb and photooxidize DAB under LYW, BLU, and 

RSH illumination. Furthermore, prior illumination with LYW/BLU or RSH resulted in deposition of 

no DAB product or reduced DAB product during H2O2 treatment, respectively, thereby creating a 

false negative signal (Table 3.1, rows 24 and 26, - in Product 2 column, red outline; Figure 3.8e-

g). False negative signal was also observed in Figure 3.5. Because this loss of HRP-catalyzed 

DAB signal was also observed in HRP-expressing cells illuminated with blue light (LYW or BLU) 

in the absence of DAB (Table 3.1, rows 25 and 27, - in Product 2 column, red outline), it appears 

that HRP enzymatic activity is killed by blue illumination. Streptavidin-HRP was also killed by blue 

illumination (data not shown). Therefore, in a 2-color preparation, the HRP reaction cannot be 

carried out either before or after miniSOG or ReAsH photooxidation reactions due to false 

positive and negative signal generation. However, HRP could be paired with a photosensitizer 

that can photooxidize DAB under red illumination. HRP could also be used as an orthogonal tag 

for miniSOG or ReAsH if it is incorporated into a 2-color sample after photooxidation, such as by 

antibody labeling and streptavidin-HRP application. 
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Figure 3.8. Negative controls for HRP as one color for 2-color EM. (a-h) mCherry fluorescence 
(top), DAB reaction product 1 (middle), and DAB reaction product 2 (right) were imaged by light 
microscopy. (a-d) HEK293 cells expressing VAMP2-mCherry-HRP were first treated with H2O2 in 
the presence of Pr-DAB followed by blocking and illumination with LYW (a), BLU (b), RSH (c), or 
CY5 (d) in the presence of Ce-DAB. Note that membranes of photooxidized cells became darker 
LYW, BLU and RSH with illumination. (e-h) HEK293 cells expressing miniSOG-H2B were first 
illuminated with LYW (e), BLU (f), RSH (g), or CY5 (h) in the presence of Ce-DAB followed by 
blocking and treatment with H2O2 in the presence of Pr-DAB. Note that nuclei did not become 
dark until photooxidation with blue light. 
 
 

2-color photooxidation using miniSOG and streptavidin-HRP 

Therefore, miniSOG and ReAsH must always be the first reaction in two-color DAB 

labeling, and when HRP is used as an orthogonal tag, it must be applied to cells after miniSOG or 

ReAsH photooxidation. One way to achieve both of these requirements is to introduce 

streptavidin-HRP by antibody labeling into a sample containing photooxidized miniSOG. 

Investigations are currently underway to label neurons expressing PSD95-TS:YSOG2 with a 
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primary antibody that recognizes the extracellular domain of Nxn to visualize different PSD95 

protein populations in the postsynaptic neuron with respect to mature presynaptic structures that 

contain Nxn. One advantage to using antibodies is it allows for labeling of endogenous targets 

instead of introducing two exogenous and artificial reporters to neurons in culture. Furthermore, 

because these Nxn antibodies recognize extracellular epitopes, membrane permeabilization can 

be avoided and the ultrastructure can remain intact during antibody labeling. When primary and 

secondary (biotin) antibodies were introduced before and streptavidin-HRP was introduced after 

miniSOG photooxidation of Pr-DAB, the HRP reaction gave a strong Ce-DAB product that was 

visible by transmitted light. These neurons are currently being imaged by EM and EELS to 

determine whether Pr and Ce signals are visible and distinct. If so, then this platform for two-color 

EM should provide a powerful and novel method to visualize new and old PSD95 protein copies 

using the TS:YSOG reporters with respect to mature presynaptic structures that contain Nxn.  

 

2-color photooxidation using miniSOG and MB 

Based on the negative controls in Table 3.1 and Figures 3.6-3.8, miniSOG genetically 

encoded HRP, and streptavidin-HRP could give distinct signals with an orthogonal tag that can be 

photooxidized at red wavelengths using the CY5 filter. Therefore, MB was tested for its ability to 

photooxidize Ln3+-DABs using this filter. MB was fused to a polycationic cell penetrating peptide 

(CPP, (D-Arg)9) and applied to MDA-MB-231 cancer cells at 2 µM for 12 hr in media. This CPP-

MB should be delivered intracellularly by endocytosis, and the resulting signal should be within 

intracellular endosomes of these cells.103 After fixation, these treated cells exhibited good 

fluorescence signal in the CY5 channel, and the fluorescence signal was mostly confined to small 

intracellular puncta resembling endosomes (Figure 3.9a, left). Cells treated with 1 µM CPP-MB 

for 30 min in media exhibited much lower but still punctate intracellular fluorescence signal (data 

not shown). When Ce-DAB was applied and these cells were illuminated with red light, these 

fluorescent puncta became dark suggesting Ce-DAB deposition (Figure 3.9a, right). By EM, these 

puncta appeared as black dots within the cytosol (Figure 3.9b), and EELS demonstrated clear Ce 
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peaks in these cells localized on these black dots. These data demonstrate that MB can be used 

to photooxidize Ln3+-DABs for EELS. Investigations are currently underway to label MDA-MB-231 

cancer cells expressing miniSOG fused to Rab5a, an early endosomal membrane marker, with 

MB to determine whether these puncta are indeed early endosomes and to demonstrate a 

successful example of 2-color EM. If miniSOG and MB photooxidation can provide 2 distinct 

EELS signals by EM, it may also be possible to demonstrate 3-color EM by labeling a third target 

with streptavidin-HRP, which should not overlap with either miniSOG or MB based on the 

negative control data in Table 3.1.  

 

 

Figure 3.9. Photooxidation and EELS of MB. (a) Light imaging of MDA-MB-231 cells treated with 
CPP-MB (2 µM, 12 hr in media) for MB fluorescence (left) and MB photooxidation of Ce-DAB 
(right) demonstrated good signal overlap. (b) EM at a single cell containing DAB-labeled 
endosomes at low (left) and high (right) magnification. (c) EELS spectra and (d) Ce map of the 
area in b exhibiting Ce-specific peaks.  
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Future directions 

Our preliminary data demonstrating the feasibility of two-color EM using EELS detection 

of lanthanides was obtained with a DTPA-conjugate of DAB loaded with Ln3+. DAB2DTPA has 

several limitations, however. Only 0.5 Ln3+ are bound per DAB moiety, so an increase in the 

amount of precipitated Ln3+ would substantially improve sensitivity and general applicability to 

proteins with lower expression levels. DAB2DTPA is a poorly chemically defined mixture of 

regioisomers and contains some unreacted DAB. However, when the unreacted DAB is removed 

by HPLC purification, photooxidation of miniSOG is completely blocked (data not shown). 

Surprisingly, addition of fresh DAB to this purified sample does not restore full precipitation (data 

not shown), suggesting that an unknown essential ingredient has also been removed during 

purification. Finally, DAB2DTPA is intrinsically less reactive than DAB, because acylation of one 

amine decreases DAB’s ease of oxidation and hinders one ring’s ability to generate the reactive 

quinone imine intermediate required for polymerization. To remedy these deficiencies in the 

future, new metal-chelating DAB derivatives that incorporate 2, 4, 6, or more Ln3+ per precipitated 

DAB will be synthesized.  

 

Methods 

Reagents: 

Nxn-CFP-TC and PSD95-TS:YSOG reporters were previously prepared by standard 

molecular biology techniques. The plasmid encoding VAMP2-HRP102 was modified by standard 

molecular biology techniques including polymerase chain reaction, restriction enzyme digestion, 

and ligation to create an mCherry fusion. All subcloned fragments were sequenced in their 

entirety to confirm successful construction. Full sequences of all plasmids in this study are 

available upon request. MiniSOG fusions to H2B and Rab5a were obtained from Michael 

Davidson (Florida State University).  

ReAsH (ReAsH-EDT2) was prepared as described previously.104 BILN-2061 was 

synthesized by a contract synthesis company (Acme). AC-NH-(D-Arg)9-D-Cys-CONH2 
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(abbreviated CPP or (D-Arg)9) was synthesized on an automatic peptide synthesizer (Perseptive 

Biosystems Pioneer or PTI Prelude) using standard protocols for fluorenylmethoxycarbonyl 

(Fmoc) solid-phase synthesis, purified by HPLC, labeled with MB-Mal, and purified by HPLC. 

 

Cell culture:  

HEK293 cells (ATTC, Rockville, MD) were cultured in Dulbecco’s modified eagle medium 

(DMEM) medium (Gibco) with 10% v/v fetal bovine serum (FBS), penicillin (50 U/mL), and 

streptomycin (50 µg/mL). One day after subculturing, cells were transfected using Lipofectamine 

2000.  

MDCK (Madin-Darby Canine Kidney) cells stably expressing Cx43-GFP-TC were 

obtained from Mark Ellisman (UCSD). 

Dissociated rat cortical and hippocampal neurons (P2) were plated onto glass bottom 

culture dishes (P35G-0-14-C, MatTek Corp., Ashland, MA) in Neurobasal-A (Invitrogen) with 5% 

FBS (v/v), B27 supplement (Invitrogen), GlutaMAX (Invitrogen), penicillin (50 U/mL), and 

streptomycin (50 µg/mL) and were transfected by Amaxa electroporation (Lonza AG, Germany). 

Neurons were maintained for 2 weeks in Neurobasal-A with B27 supplement, GlutaMAX, and 

penicillin/streptomycin at 5% CO2. 

 Except where noted in the text, cells were labeled with ReAsH (180 nM, in 12.5 µM EDT) 

in conditioned media overnight at 37 °C followed by washing in 100 µM BAL for 15 min at 37 °C. 

 

Photooxidation and EM preparation for EELS 

Sample preparation for photooxidation was performed as described previously36 with the 

following changes. Neurons were incubated in mersalyl acid (5mM in Cacodylate buffer) for 30 

min on ice followed by several rinse steps in chilled buffer after blocking but before 

photooxidation. After photooxidation cells were stained with OsO4 (1% in 0.1 M cacodylate buffer) 

but not uranyl acetate before dehydration and embedding. Cells that were prepped for 2-color EM 

were washed in chilled buffer, blocked with chilled acetyl imidazole in 150 mM NaCl (3x 5 min 
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each), and washed in chilled buffer between the 2 DAB reactions. Fluorescence filters (excitation, 

dichroic mirror, emission) for photooxidation were as follows: LYW (426-450 nm, 482 nm, 518-

558 nm), BLU (450-490 nm, 510 nm, 515 nm-long pass), RSH (542-582 nm, 593 nm, 604-679 

nm), and CY5 (590-650 nm, 600 nm, 663-738 nm). 

 

EM and EELS 

Labeled and imaged areas of embedded cultured cells were identified by transmitted light 

and the areas of interest were sawed out using a jeweler's saw and mounted on dummy acrylic 

blocks with cyanoacrylic adhesive. The coverslip was carefully removed, ultrathin sections were 

cut using an ultramicrotome, and electron micrographs and electron energy loss spectra and 

maps were taken using a JEM-Z 3100EF (JEOL) operating at 300 keV. Elemental maps of 

lanthanide metals were acquired with a 120-µm condenser, 15-µm objective, and 120-µm 

entrance aperture, and either a 100- or 50-µm area aperture in place of the entrance aperture. 

Elemental maps were acquired using a “three-window” approach in which the following 40-eV slit 

energy windows were collected immediately before (pre-edge 1 and 2) and immediately after 

(post-edge) the ionization edge for each lanthanide metal (pre-edge 1, pre-edge 2, and post-

edge): La (763 eV, 806 eV, 851 eV), Ce (806 eV, 851 eV, 896 eV), Pr (805 eV, 858 eV, 950 eV), 

Nd (845 eV, 945 eV, 1000 eV), Yb (1383 eV, 1453 eV, 1523 eV). Because the pre- and post-

edge images are acquired sequentially, a background algorithm was used to account for 

specimen drift that may have occurred during the collection process. 

 

Chapter 3, in part, is currently being prepared for submission for publication of this 

material. The dissertation author was the primary investigator and author of this material. Stephen 

Adams and Elamprakash Savariar designed and synthesized reagents and assisted with the 

design of the project. Mason Mackey performed all EELS data collection and assisted with 

electron microscopy sample preparation. Thomas Deerinck and Varda Lev-Ram assisted with the 
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study design and provided advice. Roger Tsien and Mark Ellisman supervised the project and 

provided advice.  
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CHAPTER 4 

 

Delivering BILN-2061 across the blood brain barrier for in vivo application of TimeSTAMP 

reporters 

 

Abstract 

Applying TS reporters to the living mouse brain to study synaptic protein dynamics in vivo 

requires the delivery of BILN-2061 to the expressing cells in the intact brain. However, it is 

unlikely that BILN-2061 would be delivered from the vasculature to brain tissue because it will 

likely be blocked by the blood brain barrier (BBB) due to its size and number of polar residues. 

Indeed, intraperitoneal (ip) or intravenous (iv) administration of BILN-2061 only results in peak 

brain concentrations around 10 nM, 100-fold lower than the working concentration used for TS 

reporters in vitro. Therefore, several schemes to enhance the delivery of this drug are currently 

being investigated. Pro-drug synthesis to mask its polar carboxyl group have had limited success 

due to either the stability of the masking group in brain tissue or the instability of the masking 

group in plasma. Mannitol administration to temporarily open BBB tight junctions has also had 

limited success due to the high concentrations needed to enhance BILN-2061 brain delivery that 

also affect animal behavior and viability. Conjugation of BILN-2061 to Angiopep2 (Ang2) is 

currently being investigated for receptor-mediated transcytosis across the BBB, which shows 

promise because conjugation of Ang2 to an impermeable Cy7 did enhance brain delivery of the 

dye into brain tissue. 

 

Introduction 

The TimeSTAMP reporters have been valuable for studying synaptic protein dynamics in 

vitro, but they are limited by their exogenously controlled transfection. This limitation can cause 

overexpression of the protein on interest fused to TS reporters, which may affect the activity-

regulated production and trafficking of these proteins. Ultimately, endogenous control of 
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expression is preferred. In addition, although our in vitro system has been valuable for monitoring 

activity-dependent protein synthesis in neurons, it creates a highly artificial environment that 

would not exist in vivo. In order to study synaptic protein dynamics related to long term 

potentiation (LTP) and memory, it would be preferable to apply the TS reporters to more natural 

forms of synaptic plasticity including LTP in slice culture and learning paradigms in vivo. Indeed, 

Arc knockin mice expressing TS:YFP fusion are currently being generated in Michael Lin’s lab at 

Stanford to monitor neuronal activity associated with LTP in slice as well as with various memory 

events in vivo by tracking Arc synthesis in the brain. 

Applying TS reporters in the living mouse brain to study synaptic protein dynamics in vivo 

requires the delivery of BILN-2061 to expressing cells in the intact brain. Previous in vivo 

applications of TS were performed by intracranial injection of the inhibitor in Drosophila.37 

However, this type of direct injection into the brain is not ideal because the procedure may cause 

injury or upregulation of stress pathways, which could mask or create ambiguity when studying 

learning and memory pathways. Furthermore, because the mouse brain is much larger, local 

intracranial injection by intracerebroventricular infusion, convection-enhanced delivery, or intra-

cerebral injection only result in local accumulation (a few mm) of the molecule in the mouse brain 

instead of global, brain-wide distribution.105 Therefore, injecting BILN-2061 into the mouse brain 

would severely limit the region that can be sampled for studying protein dynamics. Instead, global 

administration of the drug by intraperitoneal (ip) or intravenous (iv) injections would be preferable 

for brain-wide distribution of BILN-2061.  

However, it is unlikely that BILN-2061 would be delivered from the vasculature to brain 

tissue because it will likely be blocked by the blood brain barrier (BBB) due to its size and number 

of polar residues (Figure 4.1a).106, 107 Indeed, ip or iv administration of BILN-2061 only results in 

peak brain concentrations around 10 nM, 100-fold lower than the working concentration used for 

TS reporters in vitro. Therefore, several schemes to enhance the delivery of this drug are 

currently being investigated. Chemical modification of polar groups to increase a molecule’s 

hydrophobicity should increase BBB permeability.106 However, pro-drug synthesis to mask its 
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polar carboxyl group have had limited success due to either the stability of the masking group in 

brain tissue or the instability of the masking group in plasma. Mannitol has previously been 

administered to induce a temporary osmotic shock causing endothelial cells lining the BBB to 

shrink, thereby physically disrupting tight junctions on the barrier and allowing impermeable 

molecules from the vasculature to leak into the brain.108 However, mannitol administration ip or iv 

have had limited success due to the high concentrations needed to enhance BILN-2061 brain 

delivery that also affect animal behavior and viability.  

Another method to increase delivery of impermeable molecules across the BBB is fusion 

to peptides or antibodies can be transported across the BBB. Previously, other groups have 

attempted to deliver drugs, peptides, antibodies, proteins, other macromolecules across the BBB 

by covalently attaching their molecule to ligands that undergo receptor-mediated transcytosis 

across the BBB such as glucose,109 lipoic acid,110 biotin,111 transferrin,112 and other vitamins. More 

recently, a 19-amino acid peptide sequence, Angiopep2 (Ang2), was isolated from a transcytosis 

screen and was shown to be sufficient for delivery of the peptide across the BBB.113 Kunitz 

domains are found in protease inhibitors that bind low-density lipoprotein receptor-related protein, 

which are expressed on endothelial cells of the BBB and mediate transport of ligands containing 

the Kunitz domain across the BBB. Ang2 was reported to exhibit higher transcytosis capacity and 

parenchyma accumulation than other transcytosed ligands like transferrin and aprotinin. Currently, 

Ang2 has been fused to paclitaxel, doxorubicin, and etoposide for delivery and treatment of 

various brain cancers.114, 115 Conjugation to of BILN-2061 to Ang2 is currently being investigated 

for receptor-mediated transcytosis across the BBB, which shows promise because conjugation of 

Ang2 to an impermeable Cy7 did enhance brain delivery of the dye into brain tissue. 

 

Results 

Measuring BILN-2061 brain availability without modification 

To determine BILN-2061 brain availability, BILN-2061 concentrations in the plasma and 

the brain homogenate were measured at 10, 30, 60, 180, and 240 min after BILN-2061 injection 
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(ip, 25 mg/kg) by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Figure 4.1b). 

Plasma concentrations reached approximately 20 µM, which is well above the EC50 for BILN-

2061 and did not affect the health or activity of the animals.116 Distribution in the brain was shifted 

about 30 min later (Figure 4.1b), suggesting that some drug reached the brain before being 

removed from the body. However, peak brain concentrations only reached about 10 nM, which is 

100-fold lower than the concentration used in vitro for TS reporting. Furthermore, BILN-2061 

concentrations in the brain declined after only 2 hr, which may not be a sufficient time window for 

imaging TS reporters in vivo.  
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Figure 4.1. Delivery of BILN-2061 across the BBB by ip administration. (a) Chemical structure of 
BILN-2061 and its modifications for BBB delivery. (b) Concentration of BILN-2061 in the brain 
homogenate (left) and plasma (right) from mice given an ip injection (25 mg/kg) of BILN-2061. (c-
d) Concentration of BILN-2061 (c) and MILN-2061 (d) in the brain homogenate (left) and plasma 
(right) from mice given an ip injection (25 mg/kg) of MILN-2061.  

 

Enhancing BILN-2061 BBB delivery by chemical modification 

Several different methods were investigated to increase the permeability of BILN-2061 

across the BBB. Chemical modification of polar groups to increase a molecule’s hydrophobicity 

should increase BBB permeability.106 The carboxylic acid (1, Figure 4.1a) is the logical and 
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chemically simplest site for modification of BILN-2061. However, this modification must be 

enzymatically-reversible in vivo, as drug activity requires a free carboxylate. The methyl ester of 

BILN-2061 (2, Figure 4.1a, MILN-2061) allows for masking of the carboxyl group, and this is the 

immediate precursor to BILN-2061 in its synthesis so it is easily attainable. Furthermore, this 

linkage should be reversible due to the abundance of esterases expressed in vivo. Administration 

of MILN-2061 ip (25 mg/kg) resulted in no detectable free BILN-2061 in brain tissue and very low 

levels in plasma (Figure 4.1c), thereby indicating that the methyl ester was not cleaved to form 

BILN-2061 in vivo. Indeed, the methyl ester was stable in mouse plasma, assayed by LC-MS/MS, 

as well as in primary neuron cultures expressing TS:YFP, assayed by fluorescence generation, 

probably because its sterically-hindered carboxyl resists serum esterases. Furthermore, when 

MILN-2061 concentrations were measured by LC-MS/MS after ip administration of MILN-2061 

(25 mg/kg), this molecule exhibited high plasma levels but only reached 10 nM in the brain 

(Figure 4.1d), indicating that this modification also did not increase drug permeability.  

More hydrophobic pro-drugs containing the acetoxymethyl (AM; 3, Figure 4.1a) and 

pivaloyloxymethyl (PvM; 4, Figure 4.1a) esters were less stable in cultured neurons expressing 

TS:YFP as fluorescence was generated, but they were also rapidly cleaved by mouse plasma 

(AM and PvM, t1/2 < 5 and 30 min, respectively). Therefore, these pro-drugs are not good 

candidates for BILN-2061 delivery because the esters would likely undergo cleavage by serum 

esterases before crossing the BBB, thereby making these modifications irrelevant. If sufficient 

AM/PvM ester cannot passively crosses the BBB before plasma esterases remove the ester, it 

may be possible to reduce esterase cleavage by administration of the selective carboxylesterase 

inhibitor, CBDP in combination with BBB drug efflux transporters such as probenicid and 

verapamil may increase AM/PvM ester delivery to brain tissue before cleavage.106, 117 

Alternatively, mouse strains that exhibit reduced plasma carboxylesterase activity may allow for 

higher AM/PvM ester delivery to brain tissue before cleavage.118 
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Opening the BBB with mannitol administration 

Mannitol has previously been administered to induce a temporary osmotic shock causing 

endothelial cells lining the BBB to shrink, thereby physically disrupting tight junctions on the 

barrier and allowing impermeable molecules from the vasculature to leak into the brain.108 

Therefore, administering mannitol to an animal immediately before administering an impermeable 

molecule should increase the delivery of that molecule across the BBB by leakage through the 

disrupted tight junctions. In larger animals like humans, rabbits, and rats, intraarterial (ia) 

administration of mannitol through the carotid artery provides a short disruption of the BBB (~20 

min) and has been shown to enhance delivery of a wide range of substances across the BBB, 

including antibodies, enzymes, and viral vectors.119 However, this type of injection is much more 

difficult in mice due to their small size. In addition, BBB leakage from ia administration of mannitol 

is uneven on favors the side of injection. Administration of mannitol iv also provides a short 

disruption of the BBB (~20 min), which is important to limit the leakage of potential harmful agents 

from the vasculature into brain tissue and to minimize behavioral and health-related effects of 

BBB disruption.  

Because the time window for BBB leakage after iv administration of mannitol is short, the 

timing of BILN-2061 administration will greatly affect delivery across the BBB. Administration of 

BILN-2061 ip resulted in a slow release and clearance of the drug into the plasma over several 

hours, which would limit the amount of injected drug that would leak from the vasculature into 

brain tissue during the 20-min time window that iv mannitol administration provides. However, iv 

administration of BILN-2061 should increase plasma levels immediately following the injection, 

thereby maximizing the amount of injected drug in the vasculature during this 20-min time window. 

Indeed, iv administration of BILN-2061 in a 5-fold increase in BILN-2061 plasma concentrations 

compared to ip administration, and plasma levels quickly returned to baseline by 30 min after 

injection (Figure 4.2a). However, iv administration resulted lower BILN-2061 brain uptake (Figure 

4.2b), probably because it was only allowed to circulate for a few min before clearance.  
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Therefore, to increase brain uptake, BILN-2061 was injected iv (25 mg/kg) immediately 

following iv mannitol administration (20%, 2 g/kg). Co-administration of mannitol and BILN-2061 

iv did not affect the health or activity of the animals but also did not result in higher BILN-2061 

brain concentrations (Figure 4.2b). Unexpectedly, co-administration of BILN-2061 with mannitol 

reduced plasma BILN-2061 levels at 10 min post-injection, and BILN-2061 was only detectable in 

plasma at 30 and 60 min post-injection. This delay in BILN-2061 circulation could explain why 

brain levels of BILN-2061 did not increase with mannitol co-administration because very little 

BILN-2061 was detected in plasma during the 20-min BBB disruption window. Therefore, 

administration of mannitol iv was not sufficient increase the permeability of BILN-2061 across the 

BBB.  

 

 

Figure 4.2. Delivery of BILN-2061 across the BBB by iv administration. (a-b) Concentration of 
BILN-2061 in the brain homogenate (left) and plasma (right) from mice given an iv injection (25 
mg/kg) of BILN-2061 without (a) or with (b) co-administration of mannitol.  
 
 

Administration of mannitol ip provides a delayed and longer opening of the BBB, which 

increases the time for desired molecules to enter the brain, but also elevates leakage of 

potentially harmful agents from the vasculature that could affect animal behavior and viability. 
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Administration of mannitol ip has been previously demonstrated to increase delivery of viral 

vectors and dyes to the CNS when administered iv 30 min after mannitol.120, 121 Therefore, 

mannitol was administered by ip injection (25%) at several doses 30 min before iv administration 

of BILN-2061 (25 mg/kg) to test whether this pretreatment could increase BILN-2061 brain 

delivery. A low dose of mannitol (7.5 g/kg) that did not appear to affect animal behavior or health 

resulted in enhanced BILN-2061 brain delivery to peak concentrations of 100 nM throughout the 

brain (Table 4.1). However, this is still 10-fold lower than the working concentration for TS 

reporting. Further increasing the mannitol dose to further enhance BILN-2061 brain delivery 

resulted in higher BILN-2061 permeability and brain concentrations above 1 µM (Table 4.1), but 

these higher doses also resulted in a notable change in animal health and behavior, often 

resulting in death (e.g., last column in Table 4.1). Previous reports that have used these higher 

doses admit that they should only be used in terminal procedures because the osmotic opening 

may be irreversible.121 Therefore, although ip mannitol administration increased BILN-2061 

delivery to brain tissue, this technique could not provide sufficient brain levels without severely 

affecting the animals’ health and behavior. 

 
Table 4.1. Administration of mannitol ip before BILN-2061 administration iv enhances BILN-2061 
brain delivery. 
 
Mannitol dose (g/kg) 0 7.5 17.5 25 25 

Left cortex [BILN-2061] µM 0.0 0.1 21.4 23.0 2.0 
Right cortex [BILN-2061] µM 0.0 0.0 12.8 5.3 3.6 
Cerebellum [BILN-2061] µM 0.0 0.1 38.4 6.3 6.3 
Hind brain [BILN-2061] µM 0.0 0.1 25.7 9.8 15.3 
Whole brain [BILN-2061] µM 0.0 0.1 24.6 11.1 6.8 
Liver [BILN-2061] µM 1.7 38.0  60.0  
Plasma [BILN-2061] µM 9.3   3.4 49.5 

 
 

Fusion to Ang2 for peptide-mediated transcytosis of BILN-2061 

Another method to increase delivery of impermeable molecules across the BBB is fusion 

to peptides or antibodies that can be transported across the BBB. Recently, a 19-amino acid 
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peptide sequence, Ang2, was isolated from a transcytosis screen and was shown to be sufficient 

for delivery of the peptide across the BBB.113 Kunitz domains are found in protease inhibitors that 

bind low-density lipoprotein receptor-related protein, which is expressed on endothelial cells of 

the BBB and mediates transport of ligands containing the Kunitz domain across the BBB. In 

addition, Ang2 was reported to exhibit higher transcytosis capacity and parenchyma accumulation 

than other transcytosed ligands like transferrin and aprotinin. Currently, Ang2 has been fused to 

paclitaxel, doxorubicin, and etoposide for delivery and treatment of various brain cancers.114, 115  

Brain delivery by Ang2 conjugation was first tested with a fluorescent dye of similar size 

to BILN-2061 to measure fluorescence distribution in the brain. Ang2 or Angiopep7 (Ang7), a 

non-BBB permeable 19-amino acid control peptide, were fused to a Cy7 dye and were 

administered iv to mice, which did not affect the health or activity of the animals. 6 hr or 24 hr 

after administration, fluorescein (FITC)-fused dextran was administered iv to visualize brain 

vasculature and the animals were perfused transcardially. Cy7 fluorescence was observed in 

most tissues for animals injected with Ang2- and Ang7-Cy7 (Figure 4.3a). Brain fluorescence was 

dim, noisy, and exhibited low contrast between Ang2-Cy7 and Ang7-Cy7 animals at low 

resolution. However, higher resolution images of coronal cortex sections prepared from these 

animals exhibited good fluorescence signal from animals given Ang2-Cy7 but not in animals 

given Ang7-Cy7 (Figure 4.3b-c). Furthermore, the fluorescence pattern of Ang2-Cy7 in brain 

tissue was not limited to areas around blood vessels, but demonstrated good staining throughout 

the tissue, similar to what has been previously reported.105 Therefore, the promising published 

Ang2 results were reproduced in the lab and suggest that conjugation to BILN-2061 could 

increase delivery across the BBB. 
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Figure 4.3. Delivery of Ang2-Cy7 across the BBB. (a) Tissue distribution of Cy7 fluorescence 6 hr 
or 24 hr after injection of Ang2- or Ang7-Cy7 (inset, brain tissue fluorescence only). (b-c) Coronal 
cortex sections from a mouse injected iv with FITC-dextran (left) and either Ang2 (b) or Ang7 (c) 
conjugated to Cy7 (middle). Note that the merge of FITC and Cy7 fluorescence (right) 
demonstrates different localization of the two dyes in vasculature and non-vasculature locations, 
respectively, in Ang2-Cy7 injected sections. 
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Future directions 

To conjugate BILN-2061 to Ang2, several linkers are being investigated that would be 

stable in plasma but cleavable in brain tissue to allow for brain accumulation of the free drug. A 

maleimide ester (5, Figure 4.1a) was stable in mouse plasma but also brain homogenate, which 

demonstrates the need for self-immolative linkers whose cleavage can be induced in intracellular 

compartments upon uptake of the conjugates by neurons. Inducible cleavage could be achieved 

by reduction with a disulfide linker (6, Figure 4.1a) or by proteases within lysosomes with a valine-

citrulline aminobenzyl linker (7, Figure 4.1a), both of which are currently being tested in vitro. 

 

Methods 

Reagents 

BILN-2061 and MILN-2061 were synthesized by a contract synthesis company (Acme). 

All other BILN-2061 derivatives were synthesized using either BILN-2061 or MILN-2061 as 

precursors. 

Ang2 and Ang7 peptides were synthesized on an automatic peptide synthesizer 

(Perseptive Biosystems Pioneer or PTI Prelude) using standard protocols, labeled with a Cy7 dye 

derivative that had previously been synthesized in the lab, and purified by HPLC. 

 

Animal injections and tissue imaging 

 BILN-2061 was administered ip or iv (via tail vein or retro-orbital injection) at 25 mg/kg in 

80:20 PEG400:water with at most 10% dimethyl sulfoxide (DMSO) to solubilize. Mannitol was 

administered iv by tail vein injection at roughly 2 g/kg as 200 µL of 20% Osmitrol. Mannitol was 

administered ip at 7.5 – 25 g/kg as 25% mannitol in saline. Ang2-Cy7, Ang7-Cy7, and FITC-

dextran were administered iv by tail vein injection. 

 Animals that had been administered Ang2-Cy7 or Ang7-Cy7 were administered FITC-

dextran 6 hr or 24 hr after Cy7 administration and then immediately sacrificed. Liver, kidney, 

muscle, spleen, and brain were immediately harvested and imaged for Cy7 fluorescence at low 
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magnification on a small animal imager (Maestro, Cambridge Research Instruments) using Cy7 

standard Cy7 filters or sectioned and imaged at higher magnification by epifluorescence 

microscopy (Axiovert 200, Zeiss) using Cy7 filters (ex: 665/45 nm, em: 725/50 nm).  

 

BILN-2061 injection and MS sample collection 

BILN-2061 was injected at t=0 and mice were sacrificed at 10 min, 30 min, 1 hr, 2, hr, 

and 4 hr post-injection. A naive mouse was also sacrificed.  

Blood was collected by cardiac puncture and plasma was isolated by centrifugation 

(3,000 rpm, 15 min, 4 °C) and frozen. For MS sample preparation, plasma samples were thawed 

and centrifuged (500 g, 5 min) to remove any precipitate. Ritonavir (RTV, 10 µL of 10 µg/mL) was 

added to 200 µL plasma supernatant and the sample was vortexed for 1 min. Methyl tert-butyl 

ether (MTBE, 1.4 mL) was then added for BILN-2061 sample extraction and the sample was 

incubated for 1 min, vortexed for 1 min, and then centrifuged (1,000 g, 5 min). The MTBE layer 

was collected into a 1.5-mL tube and evaporated down. 

Whole brain from each animal was collected, weighed, and frozen overnight. For MS 

sample preparation, brains were homogenized in cold Tris-HCl buffer (10 mL, 50 mM, pH=7.23) 

with a tissue homogenizer set on speed=1 and time=15 sec (washed homogenizer with hot water 

and methanol between samples) and then stored at 4 °C overnight. The next day this 

homogenate was centrifuged (10,000 rpm, 4 °C, 3 hr) and the supernatant was discarded. The 

pellets were resuspended in cold buffer by vortexing incubated at 37 °C for 30 min, and then 

centrifuged (10,000 rpm, 4 °C, 1 hr). The supernatant was discarded and the pellets were stored 

at -20 °C overnight. The next day, the pellets were weighed and resuspended to 130 mg/mL in 

Tris-HCl. RTV (10 µL of 10 µg/mL) was added to 500 µL of homogenate in a 2-mL tube and 

vortexed for 1 sec to resuspend. MTBE (1.4 mL) was then added for BILN-2061 extraction and 

the sample was incubated for 1 min, vortexed for 1 min, and then centrifuged (1,000 g, 5 min). 

The MTBE layer was collected into a 1.5-mL tube and evaporated down. RTV (10 µL) was added 

to the evaporated pellet and the sample was vortexed quickly. For further extraction of residual 
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BILN-2061, acetonitrile (1.4 mL) was added and the sample was centrifuged (13,000 g, 10 min). 

The resulting supernatant was collected and evaporated. 

 

MS data collection 

 BILN-2061 was detected at 776 kD with a daughter peak at 316 kD, which were used for 

quantification of BILN-2061 in samples. BILN-2061 quantification was based on calibration curves 

of BILN-2061 spiked into naive brain homogenate. 

 

Chapter 4, in part, is currently being prepared for submission for publication of this 

material. The dissertation author was the primary investigator and author of this material. Shelle 

Malkmus, Qinghao Xu, Beth Friedman, Varda Lev-Ram, and Lesley Ellies assisted with animal 

injections and tissue collection and assisted in the study design. Steve Rossi and Stephen Adams 

performed all mass spectrometry measurements and assisted in the study design. Richard Ting 

and Stephen Adams synthesized reagents. Beth Friedman performed all immunohistochemistry 

measurements. Tony Yaksh assisted with study design and provided advice. Roger Tsien 

supervised the project and provided advice. 
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CHAPTER 5 

 

In vivo quantification of the synaptic proteome reveals downregulation of proteins that promote 

spine maturity and synaptic strength in sensory deprived cortex 

 

Abstract 

Modulating synaptic strength, stability, and maturity are fundamental to processing 

sensory information and adapting to novel inputs. Because these synaptic properties depend on 

localized temporal and spatial modulation of the synaptic protein composition, we expect those 

proteins that are quantitatively enriched in mature synapses to play a role in endowing synaptic 

modification over time. For unbiased identification of synaptic proteins that are enriched at stable 

synapses, we compared the synaptic proteome of synapses with low synaptic input activity during 

development, deprived condition produced by bilateral whisker trimming, with synapses receiving 

normal levels of activity during development. Using quantitative mass spectrometry, we identified 

89 significantly reduced and 161 significantly elevated proteins in sensory deprived synapses. We 

validated 19 of these proteins by immunoblotting and 1 by immunohistochemistry to support the 

accuracy of our method. Widely abundant synaptic proteins such as postsynaptic density protein 

95 (PSD95) and synapsin1 exhibited no difference under the two rearing conditions, suggesting 

no different in synaptic density. In contrast, many proteins that promote mature spine morphology 

and synaptic strength, such as excitatory glutamate receptors and known accessory factors, were 

significantly reduced in deprived synapses. Importantly, expression of many novel synaptic 

proteins that have not been characterized in mammalian neurons were affected by sensory 

deprivation. These proteins are potentially interesting future targets for investigating their role in 

mammalian experience-dependent plasticity. This definition of the synaptic proteome under 

different sensory rearing conditions is an important step towards understanding the molecular 

phenomena that support the normal development of sensory information processing. 
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Introduction 

Sensory information is encoded in the brain by activation of specific neuronal circuits that 

operate via chemical synapses. Important sensory experiences are stored by strengthening 

activated synapses in the circuit, a process known as experience-dependent plasticity.122 When 

animals are deprived of sensory experience during development, for example by trimming rodent 

whiskers from birth to 30 days after birth, synaptic strength and mature synaptic morphology are 

attenuated, suggesting that the low activity in the deprived circuits interferes with normal 

development.123-128 However, the molecular changes that alter these synaptic properties in 

response to experience remain unclear. Synaptic activation has been shown to promote 

regulated and highly localized effects on synaptic proteins such as local translation, recruitment, 

and targeted degradation,3, 31, 77, 129 and this spatiotemporal control of protein availability is 

required for long-term plasticity and synaptic maturation, which are fundamental in memory 

formation and storage and ultimately for an organism’s survival.24-26 The need for highly controlled 

protein availability is highlighted in studies of neurological diseases, which often result from the 

disruption of protein availability at the synapse.18, 130, 131 Therefore, it is clear that local synaptic 

protein dynamics are critical for promoting changes in synaptic morphology and strength to 

stabilize the structure appropriate to the activation levels; however, it remains unclear which 

synaptic proteins are critical for endowing these synaptic properties.  

Although many proteins and signaling networks have shown to be important for 

experience-dependent plasticity resulting in long-term memories on a whole organism level, the 

molecular basis for long-term memory remains elusive. One hypothesis that key regulators 

remain stable at the synapse throughout its lifetime to coordinate synaptic strengthening and 

longevity pathways. To identify these key molecules that endow strength to a synapse, a 

synapse-wide proteomic screen was set up to identify synaptic proteins that have particularly low 

turnover rates in stable synapses in cultured cortical and hippocampal neurons using stable 

isotopic labeling of amino acids in culture (SILAC).76 Primary neurons were plated in media 

containing light 12C6
14N4-Arg and 12C6

14N4-Lys residues, pulsed with conditioned heavy media 
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containing 13C6
15N4-Arginine (+10) and 13C6

15N4-Lysine (+8) from days in vitro (DIV) 7-14, and 

then chased with conditioned light media for 1, 7, 14, and 21 days before preparing 

synaptosomes for multidimensional protein identification technology (MudPIT)-based mass 

spectrometry (MS) analysis. The heavy pulse was timed during peak synaptogenesis in vitro132 

such that stable synaptic proteins that were synthesized with heavy amino acids during 

synaptogenesis and remained in synapses after light amino acid chase for days – weeks could be 

identified by MS based on their higher molecular mass. One potential problem in this scheme is 

that extracellular proteins differ significantly in vitro and in vivo due to their environment, and 

these are likely the most stable synaptic proteins because they are not susceptible to intracellular 

housekeeping protein turnover pathways. Unfortunately, the older cultured neurons (DIV18+) 

exhibited limited viability and synaptosomes prepared from these older cultured neurons 

contained few synaptic proteins compared to younger cultures. Therefore, the synapse-wide 

search for synaptic proteins that endow synaptic strength should be done in vivo where the 

environment is more favorable for synaptic longevity. 

The present study used quantitative MS-based proteomics to search for synaptic proteins 

whose levels are affected by sensory deprivation during development. To harvest synaptosome 

samples under conditions of different synaptic input levels, we isolated synaptosomes from barrel 

cortex in mice that had undergone daily bilateral whisker trimming (sensory deprived) or whisker 

brushing (sensory normal) from P4 to P30. We chose whisker trimming because no comparably 

robust experimental model exists in mammals for region-wide changes in synaptic properties due 

to sensory hyperstimulation. 15N-enriched mice served as internal standards for direct comparison 

of the experimental groups. 15N labeling (i.e., stable isotopic labeling of amino acids in mammals, 

or SILAM) of rodents facilitates accurate proteome-wide quantitative analysis of long-lived 

proteins and synapse-wide changes during development.133, 134 We identified 89 significantly 

reduced and 161 significantly elevated proteins in sensory deprived synapses, and we validated 

20 of these proteins by immunoblotting and 1 by immunohistochemistry. Proteins that were 

significantly downregulated in sensory deprived animals were the most attractive candidates for 
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degrading synaptic properties such as synaptic strength and spine maturity in synapses receiving 

reduced input activity. Postsynaptic proteins that promote spine enlargement and synaptic 

strength, two characteristics that promote synaptic maturity and stability, are also of great interest. 

Importantly, we identified many novel and less-characterized synaptic proteins that were altered 

by sensory experience, and this dataset will provide interesting future targets for understanding 

mammalian experience-dependent plasticity. 

 

Results 

Whisker trimming-induced sensory deprivation 

We designed experiments to identify the synaptic proteins affected by developmental 

sensory deprivation in mouse barrel cortex using quantitative 2-dimensional liquid 

chromatography and tandem mass spectrometry (LCLC-MS/MS). Synapses influenced by 

sensory deprivation are thought to be newly formed synapses that fail to become strong and 

stable. We reduced activity in barrel cortex by daily whisker trimming from P4, near the beginning 

of synaptogenesis, to P30, well after the critical window for synaptic plasticity125, 135 to produce 

barrel cortex synapses that develop under low activity conditions (Figure 5.1a). To ensure broad 

synapse proteomic coverage we prepared barrel cortex synaptosome fractions for analysis. The 

reduced level of complexity of synaptosomes allow the MudPIT LC-MS/MS method to analyze 

nearly all proteins present in the sample.136 We used a third group of animals, sensory normal 

mice labeled by 15N (Figure 5.1a) as an internal standard and performed relative protein 

quantitation for each MS run using a ratio of ratios approach.137  
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Figure 5.1. Isolation of synapses with reduced input activity in the barrel cortex during 
development. (a) Experimental scheme for identifying and quantifying proteins up- or 
downregulated in sensory deprived compared to sensory normal barrel cortices (blue) by LC-
MS/MS using 15N mice (red) as an internal standard. (b) Coronal section of a barrel punch 
imaged by Nissl stain (left) and by immunoreactivity for a glutamate transporter (VGlut2) to mark 
barrel structures (right) (c) Tangential section of a punched cortex demonstrating removal of large 
barrel architecture. Note that few large sensory barrel structures are present. Inset: a 100-µm 
section of the corresponding barrel punch containing many large barrel structures, which would 
be considered acceptable for use in the study. (d) Electron microscopy of a synaptosome 
preparation demonstrating the presence of presynaptic (red asterisk) and postsynaptic structures. 
 
 

Barrel cortex tissue was isolated from whole cortex using a tissue puncher, and the 

punch was considered acceptable for use in the study if the remaining Nissl-stained cortex 

contained few large sensory barrels around the punch and mostly small barrels that receive input 

from small nasal whiskers rostral to the punch (e.g., Figure 5.1b). Coronal sections through a 
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barrel tissue sample indicated that the cortical layer architecture imaged by Nissl (Figure 5.1c, 

left) and the barrel architecture imaged by immunostaining for a glutamate transporter (VGlut2, 

Figure 5.1c, right) remained intact in the punched tissue. Synaptosomes were mixed 1:1 (14N/ 

15N) early in the workflow to minimize any potential bias introduced during synaptosome 

preparation, sample processing, or MS analysis. Three biological replicates (different mice) were 

generated for the trimmed and the brushed experimental groups. Synaptosomes prepared from 

barrel cortex demonstrated enrichment for synaptic proteins by immunoblotting (data not shown) 

and preservation of both pre- and postsynaptic structures by electron microscopy (Figure 5.1d). 

 

MS comparison of sensory deprived and normal barrel cortex 

 In each synaptosome sample we identified ~3,500 proteins from ~35,000 peptides and 

7,134 total proteins from 60,962 peptides at < 1% protein false discovery rate. We then quantified 

about 75% of the identified peptides based on confidence measurements. Proteins of interest 

were identified by first generating a 14N-trim/15N-brush (trimmed) or 14N-brush/15N-brush (brushed) 

ratio to then generate a final 14N-trim/14N-brush “ratio of ratios” (Figure 5.2a). We compared the 3 

“trimmed” with the 3 “brushed” data sets to calculate fold change and significance by ANOVA 

analysis. These results were graphed as a volcano plot (Figure 5.2b). 89 proteins were 

significantly reduced (Appendix 1) while 161 proteins were significantly elevated (Appendix 2) by 

at least 1.2-fold in trimmed with respect to brushed samples (Figure 5.2d). Of these, only a few 

were altered by more than 1.5-fold (normal text in Figure 5.2b, light gray fill in Table 5.1) or 2.0-

fold (bold text in Figure 5.2b, dark gray fill in Table 5.1). Here, we focus our analysis on the 

synaptic proteins that were significantly downregulated in sensory deprived animals, suggesting 

their enrichment by normal activity in stable synapses (Table 5.1, bold text in Appendix 1). Table 

5.1 lists known or predicted synaptic proteins that were reduced in deprived synapses, and 

reports their corresponding IPI number, percent reduction in trimmed:brushed samples ( T/B), 

ANOVA p-value, and previous studies that have demonstrated the effects of down- or 
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upregulation of the protein on spine morphology (*), neurite morphology (&), synaptic 

transmission (#), and/or behavior ($).  

 

Figure 5.2. Quantifying synaptic proteins in sensory deprived and normal synapses. (a) 
Schematic for quantifying protein levels by LC-MS/MS using GluA1 as an example. Peptide 
chromatographs containing both 14N and 15N species were used to calculate trim/brush (trimmed, 
top) or brush/brush (brushed, bottom) ratios. The mean given protein over all three biological 
replicates was used to generate a final trim/brush “ratio of ratios”. Indicated is a single biological 
replicate. (b) Volcano plot of the complete identified and quantified protein cohort from barrel 
cortex synaptosomes by LC-MS/MS, graphed by Log2 trim/brush versus –log10 ANOVA p value. 
In grey are the proteins which did not satisfy the statistical cutoff (ANOVA p < 0.05) and ≥20% 
reduction; in black are those proteins which did pass this filter and are known. (Inset) indicates 
only proteins that were statistically reduced in trimmed samples by >1.2-fold (unlabeled), >1.5-
fold (regular text), and >2.0-fold (bold text). Known or predicted synaptic proteins are represented 
with black points. (c) Volcano plot of all proteins identified and quantified from whole cerebellum 
synaptosomes by LC-MS/MS with the statistical cutoff (ANOVA p < 0.05) and ≥20% reduction 
cutoff shown. Synaptic proteins that were significantly reduced in sensory deprived barrel cortex 
synapses listed in Table 5.1 are indicated as red data points. 
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Table 5.1. Synaptic proteins significantly reduced in sensory deprived barrel cortex. 

 Protein  T/B p Up/Down-regulation at the synapse IPI 
M

em
br

an
e-

bo
un

d 
Fry 70% 0.026 & 138 IPI00655161.6 
KChIP4 46% 0.003 # 139 IPI00621710.2 
LPPR4 43% 0.013 # $ 140 IPI00420590.3 
GluA1 43% 0.035 # $ 141 IPI00407939.1 
Slc4a7 38% 0.009 $ 142 IPI00664442.3 
GluN1 37% 0.013 * # 143 IPI00755015.1 
TARP-γ3 33% 0.036 # 144 IPI00122300.1 
LPPR2 33% 0.048  IPI00222105.1 
Pcdh1 32% 0.014  IPI00719927.2 
GIRK1 32% 0.032 $ 145 IPI00119615.1 
Teneurin-2 31% 0.018 * 146 IPI00123782.6 
Robo1 31% 0.049 & 147 IPI00130664.5 
Icam5 31% 0.015 * 148 IPI00877299.1 
GIRK2 30% 0.015 $ 145 IPI00227086.2 
Gprin1 30% 0.028 & 149 IPI00138232.4 
GluA2 30% 0.049 * # $ 150 IPI00608015.1 
Cpne6 30% 0.041  IPI00927968.1 
GluN2B 30% 0.028 # $ 151 IPI00321320.3 
Flotillin-2 26% 0.024  IPI00754549.1 
Dpp6 25% 0.014 # 152 IPI00880742.1 
Cacn-β1 25% 0.001 # 153 IPI00321850.3 
Gng2 24% 0.026  IPI00230194.5 
Rab35 24% 0.027 & 154 IPI00130489.1 
GABAA-α2 23% 0.034 & 155 IPI00110598.1 
GluN2A 22% 0.012 # 156 IPI00118380.2 
Plexin-A1 22% 0.041 & 157 IPI00137311.1 
Gnaq 22% 0.009 $ 158 IPI00228618.5 
Flotillin-1 21% 0.021 * & # 159  IPI00117181.1 
Slc8a2 21% 0.044 # $ 160 IPI00170310.1 
Lphn 3 21% 0.040 * $ 161 IPI00619988.3 
Camk-v 21% 0.012  IPI00122486.3 
KCNN2 19% 0.026 # $ 162 IPI00467814.2 
Adcy9 18% 0.001  IPI00313750.3 
Slc6a7 18% 0.044  IPI00420909.1 

E
C

M
 Tnc 57% 0.005 # $ 163 IPI00403938.2 

Annexin-2 32% 0.033 & 164 IPI00468203.3 
Glypican1 25% 0.012  IPI00137336.1 
Hapln4 22% 0.015  IPI00229184.3 

In
tra

ce
llu

la
r 

Rgs12 53% 0.007 & 165 IPI00229481.2 
Bad 38% 0.007 # 166 IPI00119986.1 
GKAP 34% 0.011 * 167 IPI00136402.2 
Prickle2 32% 0.016 & 168 IPI00349970.6 
Ptk2b 28% 0.023 # 169 IPI00133132.1 
Kalirin 27% 0.009 * & # $ 170 IPI00848608.1 
Map4 27% 0.028  IPI00406741.5 
Shank1 27% 0.047 * # $ 171 IPI00758339.1 
SynGAP1 25% 0.028 * # $ 172  IPI00663736.2 
Catenin-α2 24% 0.024 * & $ 173 IPI00119870.2 
PKCγ 24% 0.007 # $ 174 IPI00122069.1 
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Table 5.1. Synaptic proteins significantly reduced in sensory deprived barrel cortex. Continued. 
 

 Protein  T/B p Up/Down-regulation at the synapse IPI 
In

tra
ce

llu
la

r 
Translin 23% 0.044 $ 175 IPI00124684.1 
Rgs14 23% 0.005 # $ 176 IPI00125649.1 
Sap102 20% 0.021 * # $ 177, 178  IPI00623890.1 
Catenin-β1 19% 0.016 * & # $ 173 IPI00125899.1 
Catenin-δ2 19% 0.042 * & # $ 173 IPI00136135.1 
Map2 19% 0.003  IPI00118075.1 
Arp2 17% 0.021 & 179 IPI00177038.1 

 
 

Validation of the MS results by immunochemistry 

Of the 250 proteins that exhibited significant differences between trimmed and brushed 

barrel synaptosomes (up or down), only 4 were also significantly changed in whole cerebellum 

synaptosomes (Appendix 1-2, light gray fill), indicating that these reported changes demonstrated 

a high level of specificity for the barrel cortex. Cerebellum results were graphed as a volcano plot, 

and synaptic proteins listed in Table 5.1 are indicated as red points in the graph (Figure 5.2c). 

Notably, only one protein (GluA1) in Table 5.1 was also significantly reduced in whole cerebellum, 

and it was reduced by a lesser extent than in the barrel cortex. To verify the MS data with an 

independent technique, semi-quantitative immunoblotting was performed with 22 antibodies that 

recognized distinct bands at the predicted molecular weight (Figure 5.3). All 22 immunoassays 

reported protein levels in trimmed versus brushed samples (19 decreased, 2 unchanged, and 1 

increased in trimmed) in concordance with the MS data, thereby indicating no false positive or 

false negative results. 
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Figure 5.3. Immunochemical verification of the MS results. Western blots of all six barrel cortex 
samples (3 trimmed and 3 brushed) probed for 19, 2, and 1 protein identified by MS as 
significantly reduced (Down), unchanged (Control), and elevated (Up), respectively, in trimmed 
with respect to brushed barrel cortex samples. The optical density for each band was calculated 
and normalized to beta-actin immunoreactivity (data not shown), and then the ratio of the average 
normalized optical density for trimmed with respect to brushed was calculated (T/B). 
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Immunohistochemistry in barrel cortex from a different set of whisker trimmed and 

brushed animals in which whole brain was collected demonstrated that barrel staining of 

SynGAP1, a protein identified as significantly reduced by MS, was significantly reduced in layers 

I-III of the barrel cortex of trimmed samples (Figure 5.4). Therefore, sensory deprivation did not 

simply lead to a global reduction in SynGAP1 levels throughout the cortex, but instead 

demonstrated some specificity for the superficial layers. In contrast, VGlut2, a highly abundant 

protein located in the synaptic terminals of thalamocortical neurons in layer IV of the barrel, and 

which was identified as unchanged by MS, exhibited dense barrel immunoreactivity in samples 

from both conditions (Figure 5.4). These data confirm that the MS data is accurate and suggest 

that the locus of change for these proteins is likely heterogeneous within different layers of the 

cortex. 
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Figure 5.4. SynGAP1 and VGlut2 staining in trimmed and brushed barrel cortex. 
Immunohistochemistry of whole hemisphere brain sections through cortex from a representative 
trimmed (a) and brushed (b) barrel field stained for VGlut2 (left) and SynGAP1 (middle), 
compared with a merge of the two signals (right). (c) Quantification from the pial surface to the 
white matter of immunosignal was performed using an automated plot profile function on a 
representative section using VGlut2 staining (left) to define layers I-III and layers IV-V. SynGAP1 
signal was normalized using the corresponding VGlut2 signal in a given section (middle). Graph 
(right panel) shows data pooled (mean, SD) from 3 animals per condition. Significance (p < 0.05) 
was tested using a paired one-tail t-test. 
 
 

Although we focused our analysis on proteins that were downregulated in deprived 

synapses, one notable class of proteins that was overrepresented as significantly elevated in 

deprived synapses was the protein degradation machinery (Table 5.2, bold text in Appendix 2, left 
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column), including proteasome subunits (Psmb7, Psmd1, and Psmd11), E2 ligases (Ube2o and 

Ube2l3), and E3 ligases (Ubr4 and Nedd4).  

 

Table 5.2. Proteasomal proteins significantly upregulated in sensory deprived barrel cortex 
synapses. 
 
 Protein  T/B p Up/Down-regulation at the synapse IPI 

P
ro

te
as

om
e 

Psmb7 144% 0.002  IPI00136483.1 
Psmd1 137% 0.039  IPI00267295.5 
Ubr4 131% 0.028 & 180 IPI00845523.1 
Ube2o 126% 0.038  IPI00453803.5 
Ube2l3 126% 0.015  IPI00128760.1 
Psmd11 124% 0.029  IPI00222515.5 
Nedd4 122% 0.046 * 181 IPI00462445.2 

 
 

Discussion 

Previous attempts to identify and characterize key synaptic proteins that endow synaptic 

stability have relied heavily on upregulation or downregulation of individual candidates to estimate 

effects on synaptic strength or maturity. The idea of an unbiased search for proteins upregulated 

as a result of sensory stimulation is not new, but previous attempts based on ex vivo radiolabeling 

analyzed by gel electrophoresis182 were handicapped by low sensitivity, low resolution, and 

inability to identify the molecules showing alterations. Heavy-stable isotopic labeling with MS-

based identification and quantification76 has provided powerful and unbiased strategies for 

identifying proteins that are enriched in activated synapses in vitro. More recently, stable isotopic 

labeling of amino acids in mammals (SILAM) was demonstrated,39 which is essential for 

investigating synaptic protein responses to experience dependent plasticity in vivo. The sensitivity 

of current MS-based techniques still requires sampling an entire heterogeneous brain region 

instead of a single cell or synapse.38 Therefore the challenge in identifying synaptic proteins that 

endow synaptic stability by MS-based proteomics is the availability of whole tissue samples that 

can be manipulated experimentally prior to analysis. 

It is well established that depriving sensory input from particular regions of the brain 

during synaptogenesis and maturation can drastically alter synaptic properties throughout that 
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tissue. Indeed, whisker trimming is widely used to reduce sensory input to the barrel cortex, and 

previously this technique has been shown to affect synaptic morphology and transmission in this 

tissue without affecting synapse number.123, 124, 183 Using quantitative MS-based techniques, we 

compared synaptic protein profiles of barrel cortex from mice that had undergone either daily 

bilateral whisker trimming (sensory deprived) or bilateral whisker brushing (sensory normal), 

using 15N mice as an internal standard. Results from this in vivo proteomics screen were used to 

search for synaptic proteins that were reduced in deprived versus normal synapses, thereby 

indicating enrichment in stable synapses that receive normal sensory input. We identified proteins 

that were both up- (161 proteins) and down- (89 proteins) regulated in sensory deprived 

synapses and verified 20 of these proteins by immunochemistry (Figures 5.3-5.4), thereby 

supporting the conclusion that the MS data are accurate. We focus our discussion on the synaptic 

proteins that were significantly downregulated in sensory deprived animals (Figure 5.2b inset, 

Table 5.1), suggesting their activity-based enrichment in stable synapses. 

As expected, widely abundant proteins that reflect synapse density such as PSD95 were 

statistically unchanged in sensory deprived and normal samples, indicating that the results are 

not an artifact of altered synapse number between these two groups. Synaptic proteins that were 

significantly reduced in deprived barrel cortex synapses (Table 5.1) represent several classes of 

synaptic proteins, such as receptors, channels, transmembrane, secreted, postsynaptic density, 

presynaptic vesicle, and cytoskeletal proteins (Figure 5.5). Several proteins that were statistically 

downregulated in deprived synapses have been previously shown to promote large, mushroom-

shaped spines, which is a defining morphological feature of mature, stable synapses (* in Table 

5.1). Among these proteins are many postsynaptic membrane-associated proteins (GluA2, GluN1, 

Flotillin1, ICAM5, and Teneurin2), postsynaptic density proteins that scaffold membrane signals 

intracellularly (GKAP, kalirin, Sap102, Shank1, and SynGAP1), and three unique postsynaptic 

catenins that link the scaffold to the actin network (α2, β1, δ2). In addition, many proteins that 

promote synaptic strength were also statistically downregulated in sensory deprived synapses (# 

in Table 5.1), which is another key defining feature of mature, stable synapses. Among these 
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proteins are several excitatory postsynaptic ionotropic glutamate receptors (GluA1, GluA2, GluN1, 

GluN2A, GluN2B). GluA3 was also identified as downregulated, but did not meet the statistical 

guidelines (data not shown). TARP-γ3, a known GluA auxiliary subunit, was also identified in our 

screen as down regulated with deprivation Furthermore, GluA1 exhibited one of the largest 

contrasts between sensory deprived and normal, which was expected based on previous reports 

demonstrating that whisker experiences drive GluA1 into L4 to L2/3 synapses to give rise to 

experience-dependent synaptic plasticity 184. Proteins that modulate neurite morphology (& in 

Table 5.1) and affect behavior or performance in memory tasks in vivo ($ in Table 5.1) were also 

identified as reduced in deprived synapses, although many of these proteins do not show a clear 

molecular role in synaptic stability. We predict that these less-characterized synaptic proteins will 

be interesting future targets to further elucidate molecular dynamics that give rise to synaptic 

stability.  
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Figure 5.5. Summary of the identified pre- or postsynaptic location, protein family, and presumed 
function of all identified synaptic proteins that were significantly downregulated in sensory 
deprived barrel cortex synapses and listed in Table 5.1. The effects of sensory deprivation are 
clearly not restricted to one category of proteins. 
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the mammalian nervous system but show clear contribution to synapse dynamics in vivo in 

Drosophila or in vitro in neuroblastoma cell lines. For instance, Fry has been shown to be 

essential for the organization of Drosophila sensory neuronal dendrites to cover the entire 

receptive field without redundancy by avoiding homologous dendritic branches.138 Although Fry 

expression has been demonstrated in embryonic mammalian brain tissue,185 role of Fry in 

mammalian systems has not been studied. Teneurins are required for transsynaptic signaling and 
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organization of the synapse cytoskeleton in Drosophila neuromuscular synapses and olfactory 

receptor neurons.146, 186 Recently, mammalian teneurins have been shown to be latrophilin (Lphn) 

receptors, which are known to mediate the massive synaptic exocytosis caused by the black 

widow spider venom α-latrotoxin and which was also identified as reduced in deprived synapses 

161, 187. Prickle2 has been shown to regulate neurite formation and outgrowth, but only in 

neuroblastoma cell lines.168 Further investigations into these proteins in primary mammalian 

synapses will provide key insights into synaptic mechanisms that lead to maturation and stability. 

Although we focused on proteins that were downregulated in deprived synapses, one 

notable class of proteins that was overrepresented as significantly elevated in deprived synapses 

were those that support protein degradation machinery (Table 5.2), including proteasome 

subunits (Psmb7, Psmd1, and Psmd11), E2 ligases (Ube2o and Ube2l3), and E3 ligases (Ubr4 

and Nedd4). Ubr4 has previously been shown to stabilize neuronal processes by stabilizing 

microtubules, and knockdown of this protein leads to thin, crooked neurites.180 Nedd4 has 

previously been implicated in the ubiquitination of GluA1, leading to its internalization thereby 

reducing synaptic strength.181, 188 Therefore, the upregulation of Nedd4 in these deprived 

synapses may be implicated in the observed reduced synaptic GluA1 (Table 5.1), leading to 

weaker synapses. Upregulation of the protein degradation pathway in sensory-deprived synapses 

suggests that there is greater turnover of synaptic proteins. 

Two popular candidates for protein switches underlying long-term synaptic plasticity are 

PKMζ and CPEB3, both of which are thought to be self-sustaining once activated to set up a local 

positive feedback loop at activated synapses to endow long-term strength.189, 190 PKMζ, a splice 

variant of PKCζ, was not detected by MS in barrel cortex synapses in the present study, 

suggesting that this protein may not be expressed in this region at this age. MS did detect the α, 

β, γ, δ, δIV, δV, δVI, δVII, ε, θ, and ι isoforms of PKC, of which only PKCγ showed a difference 

between trimmed and brushed animals (Table 5.1), suggesting that MS does have enough 

sensitivity for related signaling molecules. CPEB3 was found to be significantly elevated in 

deprived synapses (Appendix 5.2). However, because the current MS data do not reveal the 
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activation state of CPEB3 in deprived and normal synapses, it remains ambiguous whether this 

protein was repressing or activating local protein synthesis in synapses from these two groups of 

animals. In future MS-based screens, monitoring posttranslational modifications could resolve this 

ambiguity and find additional molecular differences between deprived and normal synapses. 

The results from this proteomics screen are complementary to transcriptome 

investigations such as the recent unbiased screen for mRNA transcripts enriched in dendrites of 

the rat hippocampus.191 Protein abundance is affected by both synthesis and turnover and 

generally cannot be predicted merely from mRNA levels.192 Our search encompassed both pre- 

and postsynaptic compartments in the barrel cortex, was unbiased with respect to site of protein 

synthesis, and focused on changes in response to sensory input, whereas the current 

transcriptome data focused on postsynaptically translatable mRNAs and has not yet included 

environmental modulation. Nevertheless, the published local transcriptome191 includes the 

mRNAs for 229 of our list of 250 proteins significantly modulated by whisker trimming, suggesting 

that most proteins whose abundance depends on synaptic activity are indeed locally translated.  

We believe that this is the first unbiased proteomics screen to identify changes in the 

synaptic protein profile resulting from changes in an animal’s somatosensory input. As expected, 

many postsynaptic proteins downregulated in deprived synapses would normally promote spine 

enlargement and synaptic strength, two characteristics that promote synaptic stability. Notably, 

many proteins that are less characterized in regulating synaptic stability but have been implicated 

in actin-dependent neurite morphology or in vivo behavior associated with learning tasks were 

also downregulated in sensory deprived synapses. These proteins are promising future targets 

for studying synaptic stability. Furthermore, this proteomic screen identified many novel and less-

characterized synaptic proteins that show a clear contribution to sensory development and 

experience-dependent plasticity. Therefore, the present study provides a plethora of good 

candidates for powerful new techniques to monitor the synthesis and turnover of individual 

genetically tagged proteins with high spatial and temporal resolution.21, 37 Also, overexpression or 

downregulation of individual proteins will be required to dissect their functional roles. Thus this 
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study provides a crucial starting point for innumerable investigations of the molecular basis for 

synaptic modulation. 

 

Methods 

Animals 

Eight adult FVB mice and 40 of their offspring were used in these studies. All animal 

procedures were approved by Institutional Animal Care and Use Committee of the University of 

California, San Diego. To ensure near complete SILAM, we took a generational labeling 

approach: FVB female mice were fed a 15N-rich, spirulina-based diet for 10 weeks starting at 

P21193 and then through breeding and weaning to produce heavy litters in which more than 95% 

of the protein content in the brain was 15N-enriched (data not shown).137 Heavy offspring 

underwent bilateral whisker brushing daily from P4-30. Offspring from mothers fed a normal (14N) 

diet for 10 weeks underwent either daily bilateral whisker brushing or trimming from P4-30. 

 

Barrel cortex isolation and synaptosome preparation 

Mice were sacrificed at P30 by retro-orbital ketamine/midazolam (k/m), which sufficiently 

preserved brain vasculature for barrel cortex localization. The brain was immediately removed, 

and the cortex was isolated and flattened and frozen on a cold surface. The cerebellum and 

trigeminal ganglion were isolated and immediately frozen. Barrel cortex was punched out of 

frozen, flattened cortex (1.5-mm diameter) according to vasculature landmarks,194 caudal of the 

3rd branch and centered on the 4th branch of the medial cerebral artery. The remaining cortex 

was fixed in 2% paraformaldehyde (PFA) and 30% sucrose in HBSS (pH 7.4) for at least 3 days, 

embedded, sectioned tangentially, and stained with Nissl to identify remaining barrel structures. A 

barrel punch was considered acceptable if the remaining tissue contained few if any large 

sensory barrels around the punch and at the same time retaining the small whisker barrels 

located rostral of the punch.  



	  

	  

127 

14N barrel punches from trimmed (n=3) and brushed (n=3) animals were homogenized 

separately and 15N barrel punches (n=10) were homogenized together in 4 mM HEPES, 0.32 M 

sucrose, and protease inhibitors. Each 14N homogenate was mixed 1:1 with pooled 15N 

homogenate before they were cleared by centrifugation at 1,000 g for 10 min (4 °C), and the 

supernatant and the subsequent resuspended pellet were centrifuged at 10,000 g for 15 min 

(4 °C) to collect the crude synaptosome pellet (P2’) for mass spectrometry.  

Solid urea (8 M) was added to synaptosomes for LC-MS/MS analysis, and extracts were 

processed with ProteasMAX (Promega, Madison, WI, USA) per the manufacturer’s instruction. 

The samples were subsequently reduced by TCEP (tris(2 carboxyethyl)phosphine, 5 mM, room 

temperature, 20 min), alkylated in the dark by 10mM iodoacetamide (10 mM, 20 min), digested 

with Sequencing Grade Modified Trypsin (Promega, Madison, WI, USA) overnight at 37 °C, and 

the reaction was stopped by acidification.  

 

MudPIT and LTQ Velos Orbitrap MS 

The protein digest was pressure-loaded into a 250-µm i.d capillary packed with 2.5 cm of 

10-µm Jupiter C18 resin (Phenomenex, Torrance, CA, USA) followed by an additional 2.5 cm of 

5-µm Partisphere strong cation exchanger (Whatman, Clifton, NJ). The column was washed with 

buffer containing 95% water, 5% acetonitrile, and 0.1% formic acid. After washing, a 100-µm i.d 

capillary with a 5-µm pulled tip packed with 15 cm of 4-µm Jupiter C18 resin (Phenomenex, 

Torrance, CA, USA) was attached to the filter union and the entire split-column (desalting 

column–filter union–analytical column) was placed inline with an Agilent 1200 quaternary HPLC 

(Palo Alto, CA) and analyzed using a modified 5-step separation described previously.195, 196 The 

buffer solutions used were 5% acetonitrile/0.1% formic acid (buffer A), 80% acetonitrile/0.1% 

formic acid (buffer B), and 500 mM ammonium acetate/5% acetonitrile/0.1% formic acid (buffer C). 

Step 1 consisted of a 90 min gradient from 0-100% buffer B. Steps 2-11 had a similar profile with 

the following changes: 5 min in 100% buffer A, 3 min in X% buffer C, a 10-min gradient from 0-

15% buffer B, and a 108-min gradient from 15-100% buffer B. The 3-min buffer C percentages 
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(X) were 10, 20, 30, 40, 50, 60, 70, 80, 90, 100%, respectively for the 11-step analysis. As 

peptides eluted from the microcapillary column, they were electrosprayed directly into an LTQ 

Velos Orbitrap mass spectrometer (Thermo Finnigan, Palo Alto, CA) with the application of a 

distal 2.4-kV spray voltage. A cycle of one full-scan mass spectrum (400-1800 m/z) at a 

resolution of 60,000 followed by 15 data dependent MS/MS spectra at a 35% normalized collision 

energy was repeated continuously throughout each step of the multidimensional separation. 

Maximum ion accumulation times were set to 500 ms for survey MS scans and to 100 ms for 

MS2 scans. Charge state rejection was set to omit singly charged ion species and ions for which 

a charge state could not be determined for MS/MS. Minimal signal for fragmentation was set to 

1,000. Dynamic exclusion was enabled with a repeat count: 1, duration: 20.00S, list size: 300, 

exclusion duration 30.00S, exclusion mass with high/low: 1.5m/z. Application of mass 

spectrometer scan functions and HPLC solvent gradients were controlled by the Xcaliber data 

system. 

 

Analysis of tandem mass spectra 

Protein identification and quantification analysis were done with Integrated Proteomics 

Pipeline (IP2, Integrated Proteomics Applications, Inc. San Diego, CA) using ProLuCID, 

DTASelect2 and Census. Tandem mass spectra were extracted into ms1 and ms2 files from raw 

files using RawExtract 1.9.9 (http://fields.scripps.edu/downloads.php) and were searched against 

IPI mouse protein database (released on 01-01-2009)) plus sequences of known contaminants 

such as keratin and porcine trypsin concatenated to a decoy database in which the sequence for 

each entry in the original database was reversed using ProLuCID/Sequest.197, 198 All searches 

were parallelized and performed on The Scripps Research Institute’s Garibaldi 64-bit LINUX 

cluster with 2848 cores. Searches were performed using a 50-ppm precursor ion tolerance and 

the search space included all fully- and half-tryptic peptide candidates with no missed cleavage 

restrictions. Carbamidomethylation (+57.02146) of cysteine was considered as a static 

modification. 
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Each dataset was searched against the combined 14N / 15N protein database. For 

successful light peptide identification, all the amino acid residues were considered to contain only 

14N nitrogen, while in the ‘heavy’ searches, all the amino acid residues were considered to 

contain only 15N nitrogen. The ProLuCID/Sequest search results were assembled and filtered 

using the DTASelect program (version 2.0) with false discovery rate (FDR) of 0.05, and each 

protein was required to have a minimum of one peptide that has less than (0.001).199, 200 Under 

such filtering conditions, the estimated false discovery rate was below 1% at the protein level. 

The assembled search result file was used to obtain quantitative ratios between 14N and 15N 

using the software Census.201 Census allows users to filter peptide ratio measurements based on 

a correlation threshold because the correlation coefficient (values between zero and one) 

represents the quality of the correlation between the unlabeled and labeled chromatograms and 

can be used to filter out poor quality measurements. In this study, only peptide ratios with 

correlation values greater than 0.5 were used for further analysis. To identify proteins of interest 

we compared separate Census results to generate volcano plots, by comparing ANOVA p value 

and log2 fold change. 

The RAW files and parameter files will be publically available at 

http://fields.scripps.edu/published/whisker/  upon publication. 

 

Immunochemistry 

Immunochemistry was carried out to quantify specific proteins present in synaptosome 

preparations. The following primary antibodies were diluted in Tris-buffered saline with 0.1% 

tween-20 (TBST) with 3% BSA and 0.001% azide): beta-actin (1:10,000, GeneTex 124214), Arp2 

(1:500, GeneTex 103311), α2-catenin (1:1,000, Abcam AB11347), β1-catenin (1:1,000, BD 

610153), Flotillin-1 (1:250, GeneTex 61307), Flotillin-2 (1:500, GeneTex 114411), GABAA-α2 

(1:250, GeneTex 82689), GIRK1 (1:500, GeneTex 108745), GluA2 (1:1,000, Millipore MAB397), 

GluN1 (1:500, GeneTex 62367), GluN2B (1:1,000, BD 610416), Kalirin (1:1,000, Millipore 07-122), 

LPPR4 (1:1,000, Abcam AB100935), Plexin-A1 (1:250, GeneTex 62196), PSD95 (1:20,000, 
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NeuroMab 75-028), Sap102 (1:1,000, GeneTex 110289), Synapsin1 (1:2,000, Millipore AB1543), 

SynGAP1 (1:1,000, GeneTex 62053), Tenascin C (1:500, GeneTex 62552).  

The following primary antibodies were diluted in TBST with 1% milk: GluA1 (1:1,000, 

Millipore AB1504), Pcdh1 (1:500, GeneTex 114620), Prickle2 (1:500, GeneTex 110860). 

Synaptosomes were lysed in NuPage lithium dodecyl sulfate (LDS) sample buffer 

(Invitrogen) with 10% 2-mercaptoethanol, run on NuPage 4-12% Novex Bis-Tris gel (Invitrogen), 

transferred onto a PVDF membrane (Invitrogen), blocked with 10% milk, and incubated in primary 

antibody overnight at 4 °C. Goat anti-mouse horseradish peroxidase (HRP) (1:5,000, Cell 

Signaling 7076) or goat anti-rabbit HRP (1:2,500, Bio-Rad 172-1019) secondary antibodies were 

applied for 45 min at room temperature before staining by chemiluminescence (SuperSignal West 

Pico Chemiluminescent Substrate, Thermo). The optical density for each band was quantified 

and normalized to the optical density of the beta-actin band in that lane. The average of all three 

normalized trimmed samples was calculated and compared to the average of all three normalized 

brushed samples for each protein. 

 

Immunohistochemistry 

 A second cohort of mice (n=3 brushed, n=3 trimmed) was euthanized at P30 and 

transcardially perfused with saline followed by 2% paraformaldehyde. Tissue was cryoprotected 

in buffered 30% sucrose with 2% paraformaldehyde and the left hemisphere was sectioned on a 

cryostat at 20-µm thickness. Sections were floated in saline onto Trubond 380 slides (EM 

Sciences). Slides were batch co-stained with the following 2 primary antibodies diluted in TBST 

with 3% BSA and 0.001% azide: SynGAP1 (1:2,000, GeneTex 62053) and VGlut2 (1:2,000, 

Millipore AB2251) for 4 days at room temperature. Slides were processed for antigen retrieval in 

citrate buffer (pH=6) (Vector) for 6 min in a microwave. After thorough washing in phosphate-

buffered saline (PBS), slides were batch stained with the following secondary antibodies: 

ImmPRESS anti-rabbit (peroxidase) polymer detection kit (50% in PBS-goat serum, Vector 

Laboratories), goat anti-guinea pig Alexa Fluor 594 (1:2,000, Invitrogen). Sections were imaged 
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on a fluorescence scanner (NanoZoomer, Hamamatsu) with transmitted light and Texas Red filter 

sets to image DAB and Alexa Fluor 594, respectively. Images were background subtracted using 

corpus callosum white matter as the background. Using the “plot function” in ImageJ the cortex 

staining within the barrel field was quantified. The data were then binned across layers I-III vs. IV-

V based on VGlut2 staining intensity. SynGAP1 signal was normalized using the corresponding 

VGlut2 signal in a given section. Six sections from trimmed and brushed animals were analyzed. 

Paired one-tail t-test ANOVA p-values were calculated to determine significance (p < 0.05). 

 

Electron Microscopy 

 A fresh synaptosome pellet (5 µL) prepared from whole cortex was prepared for EM by 

high-pressure freezing, freeze substitution, embedding in plastic, and sectioning at 80 – 100 nm 

according to published methods 202. Sections were imaged at 80 keV using a JEOL 1200 electron 

microscope (JEOL, Peabody, MA). 

 

Chapter 5, in part, is currently being prepared for submission for publication of this 

material. The dissertation author was the primary investigator and author of this material. Jeffrey 

Savas performed all mass spectrometry measurements and assisted with the study design. Beth 

Friedman performed all immunohistochemistry measurements and assisted with tissue collection 

and study design. Ford Ebner assisted with the study design and provided advice. Roger Tsien 

and John Yates III supervised the project and provided advice. 
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Appendix 5.1. Other proteins significantly reduced in sensory deprived barrel cortex. 
 
Protein Barrel Cortex Cerebellum IPI 

T/B p T/B p 
Dtymk 28% 0.030 62% N/A IPI00130997.2 
Fry 30% 0.026 219% N/A IPI00655161.6 
Iqgap2 33% 0.016 N/A N/A IPI00406193.4 
Tnc 43% 0.005 86% 0.010 IPI00403938.2 
Zfp365 43% 0.029 N/A N/A IPI00399502.2 
Rgs12 47% 0.007 N/A N/A IPI00229481.2 
Sf3b3 50% 0.029 N/A N/A IPI00122011.2 
Kcnip4 54% 0.003 N/A N/A IPI00621710.2 
LPPR4 57% 0.013 133% 0.313 IPI00420590.3 
GluA1 57% 0.035 79% 0.030 IPI00407939.1 
Gapvd1 59% 0.031 83% 0.104 IPI00889216.1 
Kit 61% 0.013 73% 0.079 IPI00120590.3 
Slc4a7 62% 0.009 84% 0.027 IPI00664442.3 
Bad 62% 0.007 96% 0.701 IPI00119986.1 
GluN1 63% 0.013 82% 0.593 IPI00755015.1 
Bai3 64% 0.013 N/A N/A IPI00857810.1 
Abcg2 65% 0.013 N/A N/A IPI00468691.3 
2810459M11Rik 65% 0.005 N/A N/A IPI00462251.3 
GKAP 66% 0.011 N/A N/A IPI00136402.2 
2010300C02Rik 66% 0.022 N/A N/A IPI00662408.2 
TARP-γ3 67% 0.036 N/A N/A IPI00122300.1 
LPPR2 67% 0.048 807% 0.075 IPI00222105.1 
Pcdh1 68% 0.014 45% N/A IPI00719927.2 
Anxa2 68% 0.033 77% 0.605 IPI00468203.3 
GIRK1 68% 0.032 105% N/A IPI00119615.1 
Prickle2 68% 0.016 N/A N/A IPI00349970.6 
Sez6l 68% 0.006 N/A N/A IPI00653101.2 
Teneurin-2 69% 0.018 N/A N/A IPI00123782.6 
Robo1 69% 0.049 N/A N/A IPI00130664.5 
Icam5 69% 0.015 N/A N/A IPI00877299.1 
GIRK2 70% 0.015 78% 0.062 IPI00227086.2 
Cxadr 70% 0.029 N/A N/A IPI00270376.6 
Gprin1 70% 0.028 88% 0.089 IPI00138232.4 
GluA2 70% 0.049 104% 0.849 IPI00608015.1 
Cpne6 70% 0.041 170% N/A IPI00927968.1 
GluN2b 70% 0.028 N/A N/A IPI00321320.3 
Arvcf 71% 0.013 110% N/A IPI00420926.3 
Ptk2b 72% 0.023 N/A N/A IPI00133132.1 
Kalirin 73% 0.009 60% N/A IPI00848608.1 
Map4 73% 0.028 91% 0.065 IPI00406741.5 
Hp1bp3 73% 0.039 108% 0.431 IPI00342766.9 
Shank1 73% 0.047 82% 0.198 IPI00758339.1 
Gpd2 74% 0.041 93% 0.254 IPI00876084.1 
Sfrs3 74% 0.026 100% 1.000 IPI00129323.1 
Arhgap21 74% 0.011 68% 0.267 IPI00918720.1 
Flotillin-2 74% 0.024 115% 0.533 IPI00754549.1 
Sco1 74% 0.044 105% 0.755 IPI00515530.5 
Dpp6 75% 0.014 101% 0.965 IPI00880742.1 
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Appendix 5.1. Other proteins significantly reduced in sensory deprived barrel cortex. Continued. 
 
Protein Barrel Cortex Cerebellum IPI 

T/B p T/B p 
Cacn-β1 75% 0.001 N/A N/A IPI00321850.3 
Rpl19 75% 0.010 93% 0.042 IPI00122426.1 
Glypican1 75% 0.012 100% 0.987 IPI00137336.1 
SynGAP1 75% 0.028 108% 0.657 IPI00663736.2 
Catenin-α2 76% 0.024 123% N/A IPI00119870.2 
Gng2 76% 0.026 125% 0.211 IPI00230194.5 
Rab35 76% 0.027 125% 0.097 IPI00130489.1 
PKCγ 76% 0.007 88% 0.121 IPI00122069.1 
Them2 76% 0.034 79% N/A IPI00132958.1 
Ank1 76% 0.024 74% 0.231 IPI00474771.2 
GABAA-α2 77% 0.034 82% N/A IPI00110598.1 
Pgam5 77% 0.036 9% N/A IPI00226387.3 
Pkp4 77% 0.047 102% 0.866 IPI00473693.3 
Translin 77% 0.044 98% 0.846 IPI00124684.1 
Rgs14 77% 0.005 N/A N/A IPI00125649.1 
Islr2 77% 0.000 N/A N/A IPI00420535.2 
Hapln4 78% 0.015 114% 0.268 IPI00229184.3 
GluN2a 78% 0.012 N/A N/A IPI00118380.2 
Plexin-A1 78% 0.041 117% 0.630 IPI00137311.1 
Gnaq 78% 0.009 93% 0.068 IPI00228618.5 
Ncl 78% 0.013 88% 0.549 IPI00317794.5 
Trappc9 78% 0.035 N/A N/A IPI00608085.1 
Flotillin-1 79% 0.021 113% 0.153 IPI00117181.1 
OTTMUSG00000006392 79% 0.027 130% N/A IPI00649438.1 
Slc8a2 79% 0.044 82% 0.228 IPI00170310.1 
Lphn3 79% 0.040 110% 0.581 IPI00619988.3 
Camk-v 79% 0.012 N/A N/A IPI00122486.3 
Sap102 80% 0.021 99% 0.875 IPI00623890.1 
Catenin-β1 81% 0.016 88% 0.257 IPI00125899.1 
Prnd 81% 0.018 107% 0.618 IPI00875107.1 
Catenin-δ2 81% 0.042 100% 0.988 IPI00136135.1 
Map2 81% 0.003 118% 0.163 IPI00118075.1 
Kcnn2 81% 0.026 109% N/A IPI00467814.2 
Pcyox1l 81% 0.014 128% N/A IPI00226726.1 
Gldc 81% 0.037 106% 0.728 IPI00127267.4 
Adcy9 82% 0.001 103% 0.939 IPI00313750.3 
Banf1 82% 0.004 114% 0.790 IPI00119959.1 
Slc6a7 82% 0.044 N/A N/A IPI00420909.1 
Gja1 82% 0.003 122% 0.230 IPI00380273.1 
Arp2 83% 0.021 99% 0.967 IPI00177038.1 
Tmem126a 83% 0.030 99% 0.979 IPI00112227.1 
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Appendix 5.2.	  Proteins significantly elevated in sensory deprived barrel cortex. 

Protein Barrel Cortex Cerebellum IPI 
T/B p T/B p 

Ppp1r1b 459% 0.010 89% 0.380 IPI00121349.3 
Adcy5 394% 0.005 N/A N/A IPI00816877.1 
Pde1b 344% 0.009 84% N/A IPI00118900.1 
Gm1337 337% 0.018 N/A N/A IPI00379202.2 
Aspa 270% 0.006 106% 0.688 IPI00331094.3 
Aplp1 267% 0.023 N/A N/A IPI00762036.1 
Mvd 204% 0.022 77% N/A IPI00319950.4 
Acox3 204% 0.032 66% 0.367 IPI00318108.2 
Inf2 196% 0.001 126% N/A IPI00678133.3 
Cryab 196% 0.036 122% 0.536 IPI00138274.1 
Mtap7d2 193% 0.031 63% N/A IPI00808096.3 
Mog 191% 0.014 109% 0.665 IPI00126405.3 
Pls1 184% 0.047 N/A N/A IPI00344681.2 
Mbp 183% 0.030 121% 0.412 IPI00223377.1 
Gnal 183% 0.011 107% N/A IPI00272681.2 
Ptpn5 179% 0.004 N/A N/A IPI00467661.4 
Plp1 177% 0.011 113% 0.413 IPI00263013.4 
Mobp 177% 0.024 101% 0.956 IPI00135106.2 
Opalin 176% 0.016 N/A N/A IPI00460127.2 
Myo1d 176% 0.034 107% 0.710 IPI00408207.2 
Pvalb 174% 0.010 90% 0.213 IPI00230766.4 
Pet112l 174% 0.037 98% N/A IPI00857491.1 
Ermn 173% 0.023 306% 0.224 IPI00624843.3 
Lgi3 173% 0.040 118% 0.097 IPI00170121.1 
Cnp 172% 0.016 113% 0.310 IPI00319602.3 
Slc44a1 169% 0.011 94% N/A IPI00828826.1 
Sirt2 168% 0.022 117% 0.198 IPI00110265.1 
Ddah2 167% 0.007 83% 0.016 IPI00336881.1 
Gstp1 166% 0.029 114% 0.144 IPI00555023.2 
Rars2 166% 0.025 N/A N/A IPI00323177.2 
Bcas1 165% 0.018 140% 0.322 IPI00330860.2 
Mag 165% 0.024 117% 0.227 IPI00276515.4 
Cd9 163% 0.002 85% 0.244 IPI00221921.5 
Dync1li2 163% 0.005 100% 0.961 IPI00420806.3 
Dgkb 163% 0.017 92% 0.733 IPI00816974.1 
Rhog 162% 0.008 86% 0.615 IPI00116558.1 
Chmp5 160% 0.014 N/A N/A IPI00110729.1 
Gng7 156% 0.011 N/A N/A IPI00230566.4 
Ckm 155% 0.033 102% 0.905 IPI00127596.1 
Klc1 155% 0.012 24% N/A IPI00845696.1 
Adssl1 155% 0.002 129% 0.300 IPI00123190.1 
Nefh 154% 0.019 155% N/A IPI00114241.2 
Tyro3 154% 0.011 N/A N/A IPI00126146.2 
Chrm4 154% 0.022 N/A N/A IPI00136358.1 
Ugt8a 153% 0.006 103% 0.880 IPI00136915.2 
Gdpd5 152% 0.002 79% 0.041 IPI00471162.3 
Enpp6 152% 0.008 113% 0.536 IPI00308077.6 
Fdps 150% 0.004 129% 0.502 IPI00120457.1 
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Appendix 5.2.	  Proteins significantly elevated in sensory deprived barrel cortex. Continued 
 
Protein Barrel Cortex Cerebellum IPI 

T/B p T/B p 
Snx30 149% 0.011 115% N/A IPI00228948.3 
Tjp2 149% 0.011 102% 0.700 IPI00323349.2 
Qdpr 148% 0.002 7% 0.379 IPI00459279.2 
Mpi 148% 0.038 96% 0.817 IPI00125807.3 
Cpm 147% 0.049 113% 0.520 IPI00896674.1 
Ahcy 146% 0.032 106% 0.722 IPI00230440.6 
Cd81 146% 0.004 97% 0.537 IPI00405736.3 
Eif3b 146% 0.041 81% 0.332 IPI00229859.1 
Ndrg1 145% 0.010 127% 0.278 IPI00125960.1 
Psmb7 144% 0.002 95% 0.539 IPI00136483.1 
Cldn11 143% 0.003 106% 0.758 IPI00120295.1 
Me2 143% 0.007 108% 0.539 IPI00115977.1 
Cpne5 143% 0.045 127% N/A IPI00170387.1 
Nefl 143% 0.010 112% 0.533 IPI00554928.3 
Sept4 142% 0.038 95% 0.371 IPI00123219.1 
Mbc2 142% 0.035 93% 0.800 IPI00128450.1 
Plcl2 141% 0.016 84% N/A IPI00322431.9 
Nefm 140% 0.010 149% 0.036 IPI00323800.6 
Esd 140% 0.047 107% 0.693 IPI00109142.4 
Ina protein 140% 0.009 103% N/A IPI00848753.1 
Acly 140% 0.007 118% 0.205 IPI00126248.3 
Agpat4 139% 0.022 119% N/A IPI00173168.1 
Ap3m2 138% 0.005 89% 0.582 IPI00124286.2 
Gmppa 138% 0.041 98% 0.901 IPI00123006.4 
Adsl 138% 0.028 114% 0.365 IPI00265471.2 
Ngef 138% 0.024 N/A N/A IPI00405459.2 
Ina 137% 0.005 98% 0.938 IPI00135965.2 
Actn2 137% 0.031 125% N/A IPI00387557.3 
Psmd1 137% 0.039 109% 0.672 IPI00267295.5 
Elmo1 137% 0.022 125% N/A IPI00131428.1 
Phldb1 136% 0.007 106% 0.240 IPI00468120.1 
Rap1gds1 136% 0.011 99% 0.889 IPI00310972.4 
Abat 136% 0.032 108% 0.244 IPI00407499.1 
Ldhb 135% 0.018 101% 0.949 IPI00229510.5 
Fah 135% 0.012 99% 0.967 IPI00310035.3 
Ado 135% 0.040 93% N/A IPI00348414.4 
Protein EMI5 135% 0.023 93% 0.513 IPI00312113.1 
Bckdhb 135% 0.034 104% 0.819 IPI00661338.1 
Ndufaf2 135% 0.023 97% 0.860 IPI00330551.2 
Necab1 135% 0.010 N/A N/A IPI00221430.3 
Grhpr 135% 0.048 136% 0.236 IPI00130530.1 
Etfb 134% 0.040 95% 0.527 IPI00121440.4 
Exoc8 133% 0.013 152% N/A IPI00377299.1 
Srp72 133% 0.041 90% 0.145 IPI00316133.7 
Fermt2 133% 0.027 98% 0.482 IPI00276222.1 
Dbi 133% 0.039 98% 0.755 IPI00667117.2 
Tpd52 133% 0.044 106% 0.847 IPI00625441.3 
Mdh1 133% 0.049 103% 0.610 IPI00336324.11 
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Appendix 5.2.	  Proteins significantly elevated in sensory deprived barrel cortex. Continued 
 
Protein Barrel Cortex Cerebellum IPI 

T/B p T/B p 
Osbpl1a 132% 0.001 135% 0.117 IPI00469318.1 
Copb1 132% 0.025 97% 0.903 IPI00120503.1 
Tmem163 132% 0.028 83% 0.086 IPI00459759.2 
Glo1 132% 0.026 118% 0.199 IPI00321734.7 
Sar1a 132% 0.048 N/A N/A IPI00322794.1 
Slk 132% 0.034 94% 0.600 IPI00749669.1 
Ubr4 131% 0.028 99% 0.953 IPI00845523.1 
Eno2 131% 0.047 105% 0.076 IPI00331704.7 
Got1 131% 0.046 114% 0.068 IPI00230204.7 
Llgl1 131% 0.042 103% 0.272 IPI00649658.1 
Dync1h1 131% 0.025 102% 0.796 IPI00119876.1 
Cab39 130% 0.024 94% 0.732 IPI00877323.1 
Cacna2d2 130% 0.033 109% 0.635 IPI00857603.1 
Tmod1 130% 0.003 41% N/A IPI00655150.1 
Cryz 130% 0.011 102% 0.906 IPI00857132.1 
Prepl 129% 0.033 114% 0.126 IPI00224078.1 
Armc6 128% 0.041 99% N/A IPI00403909.2 
Ak1 128% 0.037 105% 0.443 IPI00128209.3 
Uba2 128% 0.012 91% 0.389 IPI00130173.1 
Ppp6c 127% 0.013 82% 0.140 IPI00132965.1 
Tubb4 127% 0.020 107% 0.201 IPI00109073.5 
Tuba8 127% 0.012 111% 0.133 IPI00311175.5 
Hsp90aa1 127% 0.041 104% 0.737 IPI00330804.4 
Tuba4a 127% 0.008 113% 0.105 IPI00117350.1 
Actr1a 126% 0.018 93% 0.359 IPI00113895.1 
Ube2o 126% 0.038 100% 0.975 IPI00453803.5 
Mtap1a 126% 0.041 93% 0.407 IPI00676243.2 
Cpne1 126% 0.018 109% 0.274 IPI00224075.1 
Ptk2 126% 0.004 85% N/A IPI00230629.2 
Ube2l3 126% 0.015 107% 0.319 IPI00128760.1 
1300010F03Rik 126% 0.001 121% 0.314 IPI00125180.9 
Rufy3 126% 0.000 97% 0.711 IPI00622482.2 
C2cd2l 126% 0.018 89% 0.755 IPI00403488.2 
Rap1a 125% 0.022 95% 0.185 IPI00138406.1 
Ccdc132 125% 0.013 106% 0.776 IPI00869359.1 
Nme1 125% 0.011 105% 0.486 IPI00131459.1 
Pdcd6ip 125% 0.005 84% 0.388 IPI00923036.1 
Tuba1b 125% 0.012 108% 0.248 IPI00117348.4 
Tuba1c 125% 0.020 109% 0.216 IPI00403810.2 
Tuba1a 124% 0.019 110% 0.076 IPI00110753.1 
Tubb3 124% 0.018 116% 0.096 IPI00112251.1 
Psmd11 124% 0.029 104% 0.788 IPI00222515.5 
Exoc3 124% 0.043 95% 0.880 IPI00454030.3 
Cand1 124% 0.015 106% 0.139 IPI00896727.1 
Cpeb3 124% 0.004 N/A N/A IPI00918938.1 
Eif3f 124% 0.036 92% 0.687 IPI00928532.1 
Diras2 123% 0.037 109% 0.795 IPI00126551.1 
Dst 123% 0.038 87% 0.034 IPI00762553.2 
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Appendix 5.2.	  Proteins significantly elevated in sensory deprived barrel cortex. Continued 
 
Protein Barrel Cortex Cerebellum IPI 

T/B p T/B p 
Prosc 123% 0.021 90% 0.730 IPI00131548.1 
Pygm 123% 0.026 100% 0.988 IPI00225275.5 
Tubb5 123% 0.028 108% 0.204 IPI00117352.1 
Hsp90ab1 123% 0.024 103% 0.789 IPI00554929.2 
Minpp1 123% 0.015 N/A N/A IPI00652444.1 
Actr1b 122% 0.016 95% 0.256 IPI00153990.1 
Cap2 122% 0.048 N/A N/A IPI00112001.1 
Nedd4 122% 0.046 91% 0.385 IPI00462445.2 
Ahsa1 122% 0.048 101% 0.922 IPI00153740.1 
Tubb2c 122% 0.041 108% 0.221 IPI00169463.1 
Tppp 121% 0.041 126% 0.145 IPI00119067.3 
Dtd1 121% 0.029 119% N/A IPI00133713.5 
Myo6 121% 0.011 105% 0.669 IPI00462752.4 
Mthfd1 121% 0.013 89% 0.599 IPI00122862.4 
Cse1l 120% 0.041 88% 0.064 IPI00112414.1 
Fn3krp 120% 0.025 99% 0.957 IPI00321994.1 
Ndrg4 120% 0.019 525% N/A IPI00620325.2 
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