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ABSTRACT OF THE DISSERTATION 

 

Visualizing the structure and dynamics of proteins implicated in long-term memory 

 

by 

 

Sakina Palida 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2016 

 

Professor Roger Tsien, Chair 

 

Synapse maturation during long-term potentiation (LTP) depends on increased 

protein synthesis and stabilization as well as localized extracellular matrix modifications 

in the brain. One challenge to characterizing changes in protein dynamics is that newly 

synthesized proteins are generally identical to older copies, making them chemically 

indistinguishable. To investigate our lab’s hypothesis that long-term memory storage 
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relies on molecules that are stable, not those that are rapidly synthesized and degraded, 

the lab previously developed a genetically encoded reporter called TimeSTAMP that 

allows new copies of a specific protein to be labeled and tracked in a drug-dependent 

manner. I designed and optimized a new version of TimeSTAMP, called TS:YSOG3, that 

can be used for correlated light and electron microscopy (CLEM) as well as protein 

quantification and mass spectrometry. TS:YSOG3 consists of a Hepatitis C Virus 

protease fused to a split Venus and the miniSOG reporter for EM. I fused TS:YSOG3 to 

the N terminus of PKMζ, a truncated form of protein kinase C implicated in long-term 

memory, and used this construct to study PKMζ localization and dynamics at synapses. I 

found that both PKMζ synthesis and degradation increased after chemically-induced 

LTP, contrasting with the turnover of the more stable structurally related kinase PKCλ. I 

additionally used CLEM to show that new PKMζ copies preferentially localize to the 

postsynaptic membrane. While most synaptic proteins turn over rapidly, on the scale of 

hours to days, our lab recently identified a subset of extracellular proteins in the 

perineuronal net (PNN) that remain highly stable over time. The PNN is an essential 

structure for normal brain function, and recent studies have suggested that localized 

erosion of the PNN at mature synapses is responsible for long-term memory 

maintenance. I used light microscopy to examine individual PNN components and their 

distribution to better understand its role in memory. I found that while the PNN was 

previously thought to enwrap only inhibitory interneurons, a similar structure that varies 

in composition surrounds all neurons in the brain. I additionally identified a new strategy 

for genetically encoding reporters into the PNN; the link protein HAPLN1 tolerates fusion 

to reporters via its C terminus, and a HAPLN1-Venus fusion integrates extracellularly 

around neurons. I then demonstrated that this reporter could be used to track activity-

dependent structural changes in the PNN in live neurons. Collectively, these results 
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support our lab’s hypothesis for memory maintenance and provide a tool for further 

study of PNN dynamics in a living brain.   

 

  



	 1 

INTRODUCTION 
 
Background and significance 

Neuronal long-term synaptic plasticity requires intra and extracellular changes 

that contribute to memory encoding, recall, and persistence over time. Synaptic strength 

is modified during cellular processes including long-term potentiation (LTP), which 

strengthens synapses, and long-term depression (LTD), which weakens synapses [1]. 

These processes depend on new-protein synthesis [2]. LTP and LTD can occur in a 

synapse-specific manner [3], meaning that changes in signaling strength are localized to 

single synapses rather than occurring throughout a neuron. This modulation is 

dependent on newly synthesized proteins, is sensitive to both protein synthesis and 

inhibitors, and is highly spatially and temporally regulated [4-6].  

Examining these changes at and around synapses can be challenging because 

of limitations in microscopy methods to visualize nanoscale structures and to monitor 

protein dynamics in specific spatial locations over time. Methods like bioorthogonal 

noncanonical amino acid tagging (BONCAT) [7] and fluorescence noncanonical amino 

acid tagging (FUNCAT) [8] can be used to label new copies of proteins produced after a 

specific point in time, however they are not specific for a protein of interest and require 

incorporation of unnatural amino acids that are subsequently labeled by a small 

molecule dye or fluorophore. Small molecules FlAsH and ReAsH can be used to label a 

protein of interest that is expressed with a specific tetracysteine motif [9, 10], however 

they require administration of antidotes to prevent toxicity and are limited to the distance 

the dyes can permeate into the tissue sample. Photoconvertible proteins are genetically 

encoded and thus avoid the limitation of having to administer reagents exogenously [11], 

however they require intense illumination for photo-conversion that can be damaging to 

thin tissue samples, and also require thin, transparent samples that can be completely 
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photo-converted. Fluorescent timer proteins are another option [12], however 

determination of protein turnover using these reporters is limited to the maturation rate of 

the timer. To circumvent these issues, it was necessary to develop a better tool for 

examining new protein synthesis and monitoring the stability specific proteins over time. 

The original genetically encoded TimeSTAMP reporter was produced for labeling 

and monitoring copies of a specific protein produced during a specific window of time in 

living tissues [13]. The first versions consisted of a protein of interest fused to the 

Hepatitis C Virus (HCV) nonstructured 3 (NS3) protease flanked by NS3 protease 

cleavage sites and an epitope tag. This reporter was limited because an epitope tag only 

permitted analysis by western blot or fixed-cell immunohistochemistry. Newer versions of 

TimeSTAMP incorporated a fluorescent protein for monitoring dynamics of labeled 

proteins using live-cell microscopy as well as the miniSOG reporter for subsequent EM 

imaging that could be correlated with LM images [14]. Development of further versions 

amenable for fusion to different kinds of proteins that made CLEM imaging possible was 

an advantage, particularly for imaging structure and protein localization in the spatially 

restricted synaptic region.   

Synaptic proteins that are produced in an activity-dependent manner function 

both within the synapse and in the extracellular space. Several intracellular proteins 

have been proposed to be memory mediators, including the small protein kinase M ζ 

(PKMζ) [15], protein kinase C λ (PKCλ) [16], isoforms of calcium and calmodulin kinase 

(CaMKII) [17], and the cytoplasmic polyadenylation binding protein (CBEB) [18]. CaMKII 

and CPEB are synthesized and degraded rapidly at synapses, however PKMζ and PKCλ 

turnover was not well-characterized.  

The specialized extracellular matrix (ECM) called the perineuronal net (PNN) is 

an extracellular structure around neurons that is produced from birth until the end of 
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critical periods. It remains relatively stable into adulthood, however during late LTP a 

combination of metalloproteinases including MMP2/9 and ADAMTSs are upregulated 

and secreted into the synaptic cleft, eliciting a structural change in the extracellular 

space that allows the synapse to strengthen [19]. Both intracellular and extracellular 

changes contribute to enhanced signaling at synapses that is believed to underlie long-

term memory, however the precise mechanisms are not well understood.   

Extracellular proteins in the specialized ECM called the PNN are unique because 

they are less susceptible to intracellular degradative processes, and some proteins 

within ECM and PNN have been identified to be highly stable [20]. Proteins within the 

PNN are produced from birth to critical period closure, at which point they are linked 

together and restrict excessive synaptic plasticity [21]. The PNN is composed of 

molecules including CSPGs, HAPLNs, and Tenascin C, all organized around a 

hyaluronic acid (HA) matrix [22]. Little is known about the PNN aside from its structure; 

efforts to label the PNN for imaging rely heavily on plant-derived lectins including 

Wisteria floribunda agglutinin (WFA) and Vicia villosa agglutinin (VVA), that bind to 

carbohydrate modifications on proteoglycans [23, 24]. A range of other methods to label 

different components of the PNN exist and have been tested in other tissues that 

express these molecules, such as tissue from tumor samples or cartilage, however to 

this point there is very little use of these reagents to study extracellular structures in the 

brain. 

HA is a scaffold of all PNNs, most neuronal subtypes are known to express one 

of three hyaluronan synthase (HAS) enzymes on the cell surface, and HA is involved in 

modulating calcium signaling in the hippocampus [25], making it an important molecule 

to investigate within the PNN. Several studies have been published thus far describing 

PNN production and effects of modification on the short term [26, 27], however much 
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remains to be learned. Efforts towards imaging molecules in the PNN beyond those 

labeled by lectins would be informative for understanding the heterogeneity and 

distribution of these structures around neurons.  

To really understand the role of the PNN in the brain, knowledge of the structure 

and distribution are both important but longitudinal studies require a method for 

monitoring PNN dynamics in living tissue. CSPGs are the most obvious target for 

genetically encoding a reporter into the PNN, however it is challenging to identify sites 

for fusing a reporter because CSPGs undergo extensive posttranslational modification. 

One strategy tried by other groups was production of the HA-binding domain from 

CSPGs fused to GFP, and one such example is Neurocan-GFP [28]. While purification 

of this fusion protein and subsequent labeling with it in fixed samples did label PNNs, 

this method was restricted to labeling in tissue and could not work to image endogenous 

PNN in live animals. We hypothesized that link proteins would be a better target [29]; 

they interact with HA and CSPGs via loop domains, not the termini, and are not 

glycosylated or cleaved extracellularly. There are several link proteins that are 

expressed in the brain, and their production and roles have been studied in different 

contexts [29-32].  

One challenge in neuroscience is the scale of molecular and signaling processes 

in the brain; dendritic spines and synapses, which are responsible for neuron-neuron 

communication, are small enough that they can be identified but not studied on a 

subsynaptic level using LM. One solution to this problem is to use EM imaging, which 

can not only reveal synapses but their structure in the context of the tissue environment 

as well. While this is an enormous advantage, one limitation of EM is that there are 

challenges to visualizing more than one protein of interest in a single sample. This can 

be performed in LM using combinations of genetically encoded reporters, antibody 
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labeling, small molecule labeling, all of which take advantage of the huge array of 

fluorescent molecules that can be spectrally separated [33-35]. Immunogold labeling 

using different-sized nanogold particles is one option, but antibody labeling requires cell 

permeabilization, and in addition it is difficult to identify specific structures when they are 

sparsely labeled. The challenge is to develop new methods for EM imaging that permit 

multiple molecules of interest to be visualized in a single sample, which would be of 

great value to studies in cellular neuroscience. 

Overall, intracellular and extracellular processes that occur at strengthening 

synapses are implicated in memory, but the specific molecular mechanisms that are 

directly responsible for memory stability have not yet been identified. Intracellular 

proteins like PKMζ turn over rapidly, and thus would have a difficult time faithfully 

preserving information in the brain over long time periods. Extracellular proteins 

including those in the PNN are more stable and could be a good substrate for memory.  

 

Impact 

Chapter 1 describes modification of previously published TS reporter to form a 

new reporter, TS:YSOG3, and use of TS:YSOG3 to investigate the dynamics of synaptic 

proteins PKMζ and PKCλ. TS:YSOG3 was developed based on previous reporters for 

correlated LM and EM imaging [13, 14], and the advantage of this new reporter is that it 

allows a protein of interest to be fused via its N terminus and imaged using correlated 

light and electron microscopy [36]. This reporter was thoroughly tested and used to 

demonstrate that the split YFP does not dissociate over time. Using this new reporter, 

we demonstrate that PKMζ turns over rapidly after cLTP induced via forskolin and 

rolipram stimulation and that PKCλ in contrast remains more stable. These observations 

support recent studies that suggest that PKMζ is not as important for memory as 
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previously thought, as well as other studies indicating that PKMζ and PKCλ have 

differing roles at the neuronal synapse. Protein turnover is important to consider in 

processes that mediate information storage in the brain over long periods of time. The 

TS:YSOG3 reporter described in Chapter 1 has utility for investigating the dynamics of 

other synaptic proteins and could potentially be used to identify molecules that, in 

contrast to PKMζ, become more stable after LTP induction.  

Chapter 2 describes use of TS:YSOG3 to examine PKMζ at the neuronal 

synapse as well as further efforts to resolve lanthanide-DAB-derived signals in the 

electron microscope. The advantage of analyzing DAB signals using EELS is that it is 

possible to differentiate signal from a lanthanide-conjugated DAB from endogenous 

postsynaptic electron density. PKMζ upregulation and localization to the postsynaptic 

membrane following cLTP was confirmed by single-color EELS imaging. This method 

was then extended to two-color by using a combination of DAB conjugates to lanthanide 

elements that could be separated and used to generate two different images of the same 

sample using EELS. This method was tested in cancer cells and used to demonstrate 

that polycationic cell-penetrating peptides enter cells via endocytosis into Rab5a-positive 

endosomes.   

Although intracellular proteins are essential for synapse growth and function, the 

majority of intracellular proteins are short-lived compared to extracellular ones. Chapter 

3 describes preliminary efforts towards examining PNNs around neurons, which contain 

molecules that remain highly stable over time and thus could be a potential substrate for 

very long-term memory. WFA lectin labeling was combined with antibodies to CSPGs 

and a binding protein to label HA and used in cultured neurons and brain tissue slices 

from adult animals to examine the structure and distribution of PNNs in fixed tissue. The 

relationship of PNN with synapses was examined, and it was determined that there are 
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holes in the PNN at the sites of mature synaptic contacts. Furthermore, it was 

determined in brain slices that different labels like WFA and aggrecan label distinct and 

sometimes different populations of PNNs. This suggests that PNNs are heterogeneous 

structures.  

While it is informative to study protein structure and distribution in the brain, 

memory is dynamic and synaptic changes occur over extended periods of time. This 

means that it is important to examine processes in real-time. Chapter 4 reports a new 

method for genetically encoding labels into the PNN. The link protein HAPLN1 was 

identified as a PNN protein that tolerates fusion to genetically encoded reporters via its C 

terminus and that enables longitudinal imaging of PNN dynamics. A HAPLN1 fusion to 

Venus was used to determine that the PNN is locally eroded following stimulation with 

BDNF, and intra-uterine electroporation of a HAPLN1-Venus plasmid showed that the 

fusion protein integrates into animal brain in vivo. Finally, a HAPLN1-Venus knock-in 

mouse was generated, which has the potential for a number of exciting experiments 

involving monitoring PNN dynamics in living tissue. 
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CHAPTER 1 

 

PKMζ, but not PKCλ, is rapidly synthesized and degraded at the neuronal synapse 

 

Abstract 

Synthesizing, localizing, and stabilizing new protein copies at synapses are 

crucial factors in maintaining the synaptic changes required for storing long-term 

memories. PKMζ recently emerged as a molecule putatively responsible for maintaining 

encoded memories over time because its presence correlates with late LTP and 

because its inhibition disrupts LTP in vitro and long-term memory storage in vivo. Here 

we investigated PKMζ stability in rat neurons to better understand its role during 

information encoding and storage. We used TimeSTAMP reporters to track the synthesis 

and degradation of PKMζ as well as a related atypical PKC, PKCλ. These reporters 

revealed that both PKMζ and PKCλ were upregulated after chemical LTP induction, 

however these new PKMζ copies exhibited more rapid turnover than basally produced 

PKMζ, particularly in dendritic spines. In contrast to PKMζ, new PKCλ copies exhibited 

elevated stability. Stable information storage over long periods of time is more 

challenging the shorter the metabolic lifetime of the candidate molecules. 

 

Introduction 

Human memory can persist for a lifetime, yet the majority of synaptic proteins in 

the brain turn over on the scale of hours to days [37]. The mechanisms by which long-

lasting memories are retained in the face of the dynamic synaptic environment still 

remain unknown. New protein synthesis is crucial for both long-term potentiation (LTP) 

and long-term memory (LTM) [1, 38]. PKMζ, recently proposed as the primary molecule 
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sustaining LTP and memory, is synthesized from a unique mRNA derived from an 

internal promoter of the Prkcz gene. PKMζ mRNA is continually transcribed and 

transported to dendritic spines, however PKMζ protein is upregulated only during late 

LTP [15, 39]. PKMζ lacks the regulatory domain present in full-length PKCζ and is 

constitutively active once phosphorylated [15]. Inhibiting PKMζ with the ζ-inhibitory 

peptide (ZIP), a myristoylated pseudosubstrate peptide derived from the autoinhibitory 

region of PKCζ, disrupts both LTP in vitro and long-term memory in vivo [40, 41]. 

Several studies demonstrated that PKMζ functions by associating with the proteins NSF 

and PICK1, ultimately releasing synaptic pools of GluR2-containing AMPA receptors to 

the postsynaptic membrane [15, 42, 43]. However, recent reports questioned the role of 

PKMζ in LTP and memory by demonstrating that ZIP is not entirely specific for PKMζ in 

vivo [44] and that mice lacking PKMζ have normal LTP and memory [45, 46]. While 

PKCζ mRNA is present at a low level in the adult rat brain, full length PKCζ protein is 

almost completely absent [47]. PKCλ is a related atypical PKC expressed in brain tissue 

that contains a catalytic domain similar to PKMζ and the same pseudosubstrate as 

PKCζ; its activity is also blocked by ZIP [48]. PKMζ and PKCλ are known to have 

different functions during neuronal development, but have similar substrates and may 

act redundantly or compensate for each other during LTP maintenance [48, 49].  

To give insight into whether each protein could independently sustain long-lasting 

changes in synaptic strength, we developed a modified TimeSTAMP (TS) reporter to 

track PKMζ and PKCλ synthesis and stability in response to chemical LTP (cLTP) 

stimulation. TS reporters were originally designed to characterize the production and 

lifetime of a specific protein of interest by detection of an epitope tag retained by the 

protein in a drug-dependent manner [13]. New versions incorporate the split yellow 

fluorescent protein (YFP) Venus and the mini singlet oxygen generator (miniSOG) tag 
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for live fluorescence and electron microscopy (EM) readouts and increased temporal 

and spatial resolution [14].  

We modified the TS:YSOG2 reporter to produce TS:YSOG3, a reporter that can 

identify both new and old copies of a protein fused to TS via its N terminus. We then 

used TS:YSOG3 to visualize PKMζ and PKCλ synthesis and degradation in cultured 

neurons following cLTP to characterize the stability of labeled proteins over time. While 

both PKMζ and PKCλ are rapidly synthesized and localized to synapses after stimulation, 

here we demonstrate that only new PKCλ copies remain stable at these synapses during 

longer time scales of over a day 

 

Results 

Development of the TS:YSOG3 reporter 

 We developed TS:YSOG3 to track populations of PKMζ because we wanted to 

avoid fusing TS to PKMζ via its C terminus, as PKMζ has a PDZ-binding sequence near 

the C terminus that interacts with the protein PICK1 [43, 50]. TS:YSOG3 is designed for 

proteins to be N-terminally fused while the previously developed TS:YSOG2 reporter 

only allowed proteins to be C-terminally fused [14]. Like TS:YSOG2, TS:YSOG3 

incorporates split YFP, a cis-cleaving Hepatitis C virus (HCV) non-structured 3 (NS3) 

protease, and miniSOG, a genetically encoded tag for correlated light and electron 

microscopy [51]. In the absence of an inhibitor specific to the protease, the fusion protein 

is translated, folds, and the protease becomes active. It cleaves the protein of interest 

away from split YFP and miniSOG, which are then degraded via exposure of a 

destabilizing histidine at the N-terminus of this cleaved peptide. When a small molecule 

HCV NS3 protease inhibitor called BILN-2061 (BILN) [52] is applied however, the protein 

of interest remains attached to miniSOG and the two halves of split YFP fold and 
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complement (Figure 1.1A). As a result, new copies of tagged protein become fluorescent 

while old copies remain unlabeled and invisible. TS:YSOG3 differs from TS:YSOG2 in 

the position and type of HCV NS3 protease cleavage sites embeddedwithin the reporter. 

TS:YSOG2 incorporates cleavage sites flanking the protease and contains the P6-P1 

peptide sequence EDVVCC, derived from the NS5A/NS5B cleavage substrate, along 

with a destabilizing histidine at the P1’ position.  
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Figure 1.1 Development of TS:YSOG3 and effect of 5’ and 3’ UTRs on PKMζ expression. A, 
TS:YSOG3 fused to PKMζ, before and after BILN. B, YFP fluorescence quantification in neurons 
transfected with TS:YSOG3-PKMζ with and without 5’ and 3’ UTRs and in untransfected neurons, 
in the presence and absence of BILN (***:p < 0.001 by unpaired two-tailed Student’s T test, n = 
23, 19, 22, 18, 15, 17 neurons per condition, respectively, error bars, standard error of the mean 
(SEM)). C, YFP complementation and maintenance after BILN addition and washout. D, 
Schematic indicating treatment with BILN for 24 h, then imaged for 10 h (once per hour) following 
BILN washout. E, Neurons imaged for 10 h after BILN washout show a loss in TS:YSOG3-PKMζ 
fluorescence, indicating degradation over time. F, Neurons visualized for 10 h after BILN washout 
with MG132 added immediately after washout do not show TS:YSOG3-PKMζ loss in 
fluorescence, indicating that proteosomal inhibition prevented TS:YSOG3-PKMζ from degrading. 
G, Fluorescence quantification of cell bodies with and without MG132 added at BILN washout 
(***: p<0.001 by unpaired two-tailed Student’s T test, n = 10 MG132 treated neurons, n = 7 
untreated neurons, error bars, SEM) Scale bars, 20 μm. H, TS:YSOG3-PKMζ amino acid 
sequence.  
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In contrast, TS:YSOG3 incorporates two EDVVCC cleavage sites with destabilizing 

histidines at each P1’ position, both located at the N terminus of the reporter, as well as 

a cleavage site with the P6-P1 sequence DEMEEC in between the protease and the C-

terminal fragment of split YFP [14]. Two EDVVCC sites were incorporated to ensure 

complete peptide cleavage. When cleavage occurs at the DEMEEC site in TS:YSOG3, 

the C terminal peptide is separated from the TS reporter but not targeted for degradation 

as it would be if fused in the same manner to TS:YSOG2.  

The 5’ and 3’ untranslated regions (UTRs) of PKMζ mRNA influence mRNA 

localization and translation [39] so we first examined the effect of the PKMζ 5’ and 3’ 

UTRs on TS:YSOG3-PKMζ translation to ensure that our TS fusion protein was 

expressed in the same manner as endogenous PKMζ. The 5’ UTR contains a binding 

site for PIN1, a protein that represses mRNA translation [47], and both UTRs contain 

motifs that influence PKMζ mRNA transport to dendritic spines and translation initiation 

[39, 53, 54]. We produced a TS:YSOG3-PKMζ construct with PKMζ 5’ and 3’ UTRs and 

a separate TS:YSOG3-PKMζ construct incorporating control 5’ and 3’ UTRs derived 

from the pCAGGS vector. We expressed each construct in cultured neurons and 

visualized TS:YSOG3-PKMζ production in neurons that were either treated with BILN or 

left untreated for 24 h (Figure 1.1B). New, marked copies of PKMζ were visible by YFP 

with somatodendritic localization, consistent with previous observations for PKMζ 

localization [55]. Fluorescence was significantly reduced in neurons transfected with the 

TS:YSOG3-PKMζ construct incorporating the 5’ and 3’ UTRs, indicating that the PKMζ 

UTRs strongly affected PKMζ translation. YFP signal was absent in transfected neurons 

not treated with BILN, indicating that cleaved YFP halves did not complement and 

cleaved peptides were rapidly degraded. Untransfected neurons treated with BILN were 

not fluorescent, indicating that BILN treatment alone did not generate any fluorescence 
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signal. While we did not consider PKMζ translocation, we did not expect PKMζ protein to 

move away from the site of synthesis because atypical PKCs do not translocate from the 

cytosol to either the membrane or nucleus in response to calcium as do conventional 

PKCs [56]. All following experiments were performed using PKMζ fusions to TS 

reporters incorporating the PKMζ 5’ and 3’ UTRs. 

We next verified that we could track PKMζ degradation by YFP fluorescence over 

time after BILN washout, at which point old, previously produced and marked proteins 

remain visible if stable and new proteins are not visible (Figure 1.1C). Neurons 

transfected with TS:YSOG3-PKMζ were treated with BILN for 24 h. BILN was then 

washed out and neurons were imaged every hour for the following 10 h, tracking old, 

marked proteins until degradation (Figure 1.1D). YFP fluorescence in transfected 

neurons decreased over the 10 h period imaged (Figure 1.1E) and was proteasome-

dependent because treatment with MG132, a proteasome inhibitor, at the time of BILN 

washout resulted in no loss of YFP signal (Figure 1.1F). Similar results were previously 

reported for Neuroligin-TS2:YFP and Arc-TS:YFP [14, 57]. In addition, loss of YFP signal 

over time was not a result of photobleaching (Figure 1.2A, B). Together, these data 

indicate that complemented YFP remains stable over time after BILN washout and that 

reduction in YFP fluorescence over time is due to protein degradation, not split YFP 

dissociation. It was also necessary to characterize the level of TS-mediated PKMζ 

overexpression in neurons. We used western blot analysis to compare levels of 

endogenous PKMζ protein to PKMζ produced from TS reporters. In the absence of BILN, 

PKMζ copies produced from TS:YSOG2 and TS:YSOG3 remain fused to a fragment of 

YFP and are larger in molecular weight than endogenous PKMζ. These populations can 

be differentiated by size. We found that there was considerably less PKMζ produced 

from each TS reporter compared to endogenous PKMζ, suggesting that TS-mediated 
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overexpression does not dramatically alter PKMζ levels in neurons (Figure 1.2C). We 

additionally used a cycloheximide assay to confirm that fusions to the TS:YSOG2 and 

TS:YSOG3 reporters do not alter PKMζ turnover (Figure 1.2E, F). Finally, we used a 

FLAG-TS:YSOG3-PKMζ construct expressed in HEK-293A cells to demonstrate that the 

N terminal EDVVCC cleavage sites in the YSOG3 reporter are not cleaved after BILN 

washout, indicating that labeled proteins would not be subject to N-terminal histidine-

mediated destabilization (Figure 1.2G-I).  
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Figure 1.2. YFP imaging and TS fusion protein expression do not affect characterization of PKMζ 
dynamics in neurons. A, Neurons expressing PKMζ-YFP imaged 10 times at 0.5% 488 nm laser 
power. B, Fluorescence quantification indicates that no fluorescence loss occurred; error bars, 
SEM. C, Neurons were transfected with PKMζ-TS:YSOG2, TS:YSOG3-PKMζ, or left 
untransfected (Untrans) and immunoblotted for PKMζ to compare levels of endogenous and TS-
driven PKMζ production. D, Transfected neurons were treated with BILN for 24 h and then with 
50 μg/mL cycloheximide without removing BILN. This blocked new protein synthesis while 
preventing protease re-activation. Neurons were lysed at 0, 4, 8, and 12 h post-cycloheximide 
addition. E, Western blots tracking PKMζ-TS:YSOG2 and TS:YSOG3-PKMζ using an antibody 
specific for miniSOG and PKMζ fused only to the T7 epitope tag using an antibody specific for the 
T7 epitope, performed as described in D; blots demonstrate that each protein degrades similarly. 
GAPDH was used as a loading control. F, Quantitative analysis of Western blots in E. G, FLAG-
TS:YSOG3-PKMζ fusion protein after BILN addition for labeling, after subsequent BILN washout, 
and after exposure to denaturing conditions. H, Western blots for FLAG-TS:YSOG3-PKMζ, lysed 
at 0, 5, and 10 h after BILN washout and simultaneous MG132 addition. I, Quantitative analysis of 
Western blots in H. 



	

	
 

17 

We further confirmed that complemented YFP holds TS reporters together after 

BILN washout using stable isotope labeling by amino acids in cell culture (SILAC) 

combined with mass spectrometry (MS) (Figure 1.3A). Cultured neurons were 

transfected with a PSD95-TS:YSOG2 construct that exhibits elevated expression in 

neurons compared to PKMζ and is easier to identify by MS [14]. Neurons were cultured 

in normal growth media and at DIV13 were switched to media containing 13C6, 15N2 

lysine (Lys*), 13C6, 15N4 arginine (Arg*), and BILN. After 24 h, neurons were either 

collected and analyzed by MS or replaced in normal growth media lacking Lys*, Arg*, 

and BILN for an additional 24 h before MS (Figure 1.3B). In the sample analyzed 

immediately after labeling, heavy peptides were identified from regions spanning the full 

PSD95-T:YSOG2 fusion protein. In the sample replaced in normal growth media for an 

additional 24 h, Arg* and Lys* labeled peptides were identified from the N and C termini 

of PSD95-TS:YSOG2 and not from the NS3 protease (Figure 1.3C, Table 1). If 

complemented YFP dissociated, we would not have detected any peptides from the C 

terminus of PSD95-TS:YSOG2 in MS. This indicates that the NS3 protease can be re-

activated following BILN washout, yet PSD95 remains fused to complemented YFP. This 

is consistent with previous studies of complemented YFP stability over time [14]. 



	

	
 

18 

 

Figure 1.3. SILAC MS demonstrates that reconstituted YFP does not fall apart when BILN is 
removed. A, Schematic describing how labeled PSD95 retains complemented YFP after BILN 
washout despite NS3 protease cleavage. B, SILAC experimental design; the first sample is 
labeled with Lys*, Arg*, and BILN for 24 h then immediately analyzed by MS, while the second 
sample undergoes an additional 24 h incubation in media lacking Lys*, Arg*, and BILN. C, 
PSD95-TS:YSOG2 amino acid sequence and peptides identified from MS analysis. 
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Table 1.1. Peptides identified from SILAC MS analysis.  Lys*- and Arg*-containing peptides are 
identified from the full PSD95-TS:YSOG2 right after a 24 h BILN pulse, although Lys*- and Arg*-
containing peptides are identified from only the N- and C-termini of PSD95-TS:YSOG2 and not 
from the region excised by the NS3 protease when subjected to a 24 h BILN pulse and 24 h BILN 
washout. This indicates that the TS reporter is held together by complemented YFP despite NS3 
protease cleavage upon BILN washout. RMSE, Root mean square error.  
 

 

 

Chemical LTP induction results in PKMζ upregulation at synapses 

 We next aimed to determine if cLTP increased de novo synthesis of TS:YSOG3-

PKMζ the way endogenous PKMζ is upregulated during late LTP [15, 58]. Cultured 

neurons were stimulated for 10 min with forskolin and rolipram in artificial cerebrospinal 

fluid (ACSF) lacking magnesium to induce cLTP, following an established method 

previously used in both cultured neurons and brain slices [59, 60]. We first stimulated 

neurons expressing PKMζ fused directly and only to YFP and imaged YFP after forskolin 

and rolipram cLTP at 1 h intervals over a 10 h period. YFP fluorescence increased over 

time in the cell body and in dendritic spines, indicating that new copies of PKMζ were 

produced in response to the stimulation. This result was in contrast to the unchanged 

YFP signal in neurons expressing PKMζ-YFP but left unstimulated (Figure 1.4A-C). 

Since PKMζ is active during late LTP [47], we used TS:YSOG3-PKMζ to specifically 

visualize new copies of PKMζ produced over the course of several hours after forskolin 
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and rolipram cLTP. At 24 h post-stimulation, neurons were fixed and immunolabeled for 

the postsynaptic protein PSD95. YFP fluorescence indicated that stimulated neurons 

had increased PKMζ production and accumulation. New PKMζ copies colocalized with 

PSD95 in stimulated but not unstimulated neurons, indicating that new PKMζ is 

preferentially localized to dendritic spines after stimulation (Figure 1.4D, E). PKMζ 

localization to dendritic spines was also observed in neurons transfected with PKMζ C-

terminally fused to the TS:YSOG2 reporter (Figure 1.5A, B), indicating that PKMζ 

upregulation following stimulation is not dependent on how PKMζ is fused to TS. 
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Figure 1.4. TS:YSOG3-PKMζ is upregulated and localizes to synapses after forskolin and 
rolipram cLTP. A, Schematic indicating how neurons expressing PKMζ-YFP were stimulated and 
visualized over 10 h. B, Stimulation increased PKMζ synthesis and accumulation, unstimulated 
neurons showed no change in YFP signal. Scale bars, 20 μm. C, Fluorescence quantification of 
dendritic spines indicates that there was more PKMζ in spines after stimulation (***: p<0.001 by 
unpaired two-tailed Student’s T test, n = 41 stimulated spines, 40 unstimulated spines, error bars, 
SEM) D, Schematic indicating how neurons transfected with TS:YSOG3-PKMζ were treated with 
BILN for 24 h and then imaged. E, Transfected neurons stimulated with forskolin and rolipram, left 
unstimulated, or left without BILN were fixed and immunolabeled for PSD95. TS:YSOG3-PKMζ 
YFP fluorescence (green pseudocolor in magnified images) and PSD95 immunofluorescence 
(red pseudocolor) were imaged. Stimulated neurons show increased YFP fluorescence and 
TS:YSOG3-PKMζ colocalization with PSD95 (yellow pseudocolor). Scale bars, whole cell 20 μm, 
magnified pseudocolor 2 μm.  
 

Newly produced PKMζ is degraded rapidly  

PKMζ may function by associating with synaptic proteins NSF and PICK1 to 

release GluR2 AMPA receptors from synaptic pools into the postsynaptic membrane, 

however AMPA receptors undergo activity-dependent dephosphorylation and 

endocytosis [42, 43, 61]. Thus to maintain LTP in this manner, PKMζ would need to 
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persist at synapses to maintain sufficient levels of GluR2-containing AMPA receptors at 

the postsynaptic membrane over long periods of time. To investigate PKMζ stability, we 

tracked labeled PKMζ copies produced after forskolin and rolipram cLTP to see how 

long they remained at the synapse after synthesis. We chose to study the total 

population of PKMζ produced 24 h after stimulation because PKMζ is upregulated during 

the late, maintenance phase of LTP [62]. Presumably, memories that persist beyond a 

short time frame are perpetuated by equally persistent synaptic changes. Thus the 

elevated population of PKMζ present some time after forskolin and rolipram cLTP 

induction would be important in maintaining LTP and is the important population to study. 

If a small highly stable population of PKMζ were produced soon after LTP, it would be 

part of this labeled population of protein. Cultured neurons expressing TS:YSOG3-PKMζ 

were stimulated and immediately treated with BILN for 24 h to mark PKMζ copies 

produced after stimulation. BILN was removed after the 24 h period and the sample was 

transferred to a confocal microscope equipped with a temperature and CO2-controlled 

chamber. Transfected neurons were identified by YFP fluorescence, and images were 

captured at 1 h intervals over the following 10 h to track labeled PKMζ degradation over 

time (Figure 1.6A).  

As expected, more PKMζ protein was produced in stimulated neurons, however 

surprisingly this population of PKMζ degraded rapidly over the 10 h following BILN 

washout (Figure 1.6B). In contrast, PKMζ in unstimulated neurons was produced at a 

lower, basal level, but most of this protein remained relatively stable both in the cell body 

and at dendritic spines (Figure 1.4C). The effects of stimulation were quantified by 

measuring the reduction in fluorescence over time in neuronal cell bodies and dendritic 

spines (Figure 1.4D, E). Thus PKMζ appeared to turn over more rapidly after cLTP. 
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Figure 1.5. PKMζ-TS:YSOG2 is upregulated and localizes to synapses after forskolin and 
rolipram cLTP. A, PKMζ fusion TS:YSOG2, before and after BILN addition and subsequent 
washout. B, Transfected neurons stimulated with forskolin and rolipram or left unstimulated, and 
untransfected neurons, were fixed and immunolabeled for PSD95. PKMζ-TS:YSOG2 YFP 
fluorescence and PSD95 immunofluorescence were imaged as in Figure 4. Stimulated neurons 
show increased YFP fluorescence and PKMζ-TS:YSOG2 colocalization with PSD95. Scale bars: 
whole cell 20 μm, magnified pseudocolor 2 μm. 

 
While forskolin and rolipram are widely used for cLTP, we further confirmed that 

we could also observe elevated PKMζ degradation after stimulation using glycine-

dependent cLTP. Glycine is an NMDA co-activator that specifically activates synaptic 



	

	
 

24 

NMDARs in cultured neurons in conjunction with stochastic glutamate release at 

synapses [63, 64].  

 

Figure 1.6. TS:YSOG3-PKMζ degrades rapidly in neuronal cell bodies and dendritic spines after 
forskolin and rolipram cLTP. A, Schematic indicating how neurons transfected with TS:YSOG3-
PKMζ were treated with BILN for 24 h, then imaged once per hour for 10 h after BILN washout. B, 
Stimulated neuron YFP fluorescence decreased quickly over time, indicating that PKMζ is rapidly 
degraded. C, Unstimulated neuron YFP fluorescence decreased slowly in the 10 h following BILN 
washout, indicating that basal PKMζ remains more stable over time. D, YFP quantification in 
neuron cell bodies (n = 5 stimulated cell bodies, n = 5 unstimulated cell bodies, **: p < 0.01 by 
unpaired two-tailed T test, error bars = SEM). E, YFP quantification in dendritic spines (n = 53 
stimulated dendritic spines, n = 51 unstimulated dendritic spines, ***: p < 0.001 by unpaired two-
tailed T test, error bars = SEM). Scale bars, 20 μm. 
 

We found that PKMζ was upregulated in cell bodies and dendritic spines after 

glycine cLTP as with forskolin and rolipram cLTP, and new PKMζ copies colocalized with 

the postsynaptic protein PSD95 (Figure 1.7A, B). Following the same experimental 
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scheme as used with forskolin and rolipram, we labeled PKMζ produced during a 24 h 

period with and without glycine stimulation and then tracked degradation of labeled 

PKMζ over time after BILN washout. 
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Figure 1.7. TS:YSOG3-PKMζ degrades rapidly in neuronal cell bodies and dendritic spines after 
glycine cLTP. A, Transfected neurons stimulated with glycine were fixed and immunolabeled for 
PSD95. TS:YSOG3-PKMζ YFP fluorescence (green pseudocolor in magnified images) and 
PSD95 immunofluorescence (red pseudocolor) were imaged. Stimulated neurons show increased 
YFP fluorescence and TS:YSOG3-PKMζ colocalization with PSD95 (yellow pseudocolor). B, 
Schematic indicating how transfected neurons were treated with BILN for 24 h, then imaged once 
per hour for 10 h after BILN washout. C, Stimulated neuron YFP fluorescence decreases quickly 
over time, indicating that PKMζ is rapidly degraded. D, Unstimulated neuron YFP fluorescence 
decreases slowly in the 10 h following BILN washout, indicating that basal PKMζ is slowly 
degraded, n = 52 stimulated dendritic spines, n = 51 unstimulated dendritic spines; PKMζ 
produced at the basal level remains more stable over time. E, YFP quantification in neuronal cell 
bodies (n = 5 stimulated cell bodies, n = 5 unstimulated cell bodies) and (F) dendritic spines (n = 
55 stimulated dendritic spines, n = 52 unstimulated dendritic spines; *: p < 0.05, **: p < 0.01, ***: 
p < 0.001 by unpaired two-tailed T test, error bars = SEM, NS = not significant). Scale bars: A, 
whole cell 20 μm, magnified pseudocolor 2 μm; C, D, 20 μm. 
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We found that glycine stimulation also resulted in more total PKMζ degradation 

over the 10 h time period measured, indicating that increased PKMζ degradation 

following cLTP was not specific to only forskolin and rolipram (Figure 1.7C-F). We 

additionally repeated forskolin and rolipram stimulation on neurons transfected with C-

terminally fused PKMζ-TS:YSOG2, which also showed the same increase in PKMζ 

degradation rate after cLTP (Figure 1.8A-E), indicating that this effect is not dependent 

on how PKMζ is fused to the TS reporter.  

 

PKCλ turnover is not affected by chemical LTP induction 

 Recent studies suggest that ZIP may not effectively inhibit PKMζ in vivo [44] or 

that it may inhibit other synaptic molecules in addition to PKMζ that may be the true 

mediators of LTP and LTM [45, 48]. One alternative target for ZIP is PKCλ, a PKC 

isoform that is similar to PKMζ and is also inhibited by ZIP [48]. PKCλ phosphorylates 

the GluR1 subunit of AMPA receptors and localizes to the postsynaptic membrane via 

the scaffold protein p62, which is important for AMPA receptor trafficking [65, 66]. PKCλ 

is active with slightly elevated protein levels during late LTP [48, 67].   
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Figure 1.8. PKMζ-TS:YSOG2 degrades more rapidly in neuronal cell bodies and dendritic spines 
after forskolin and rolipram cLTP. A, Schematic indicating how neurons transfected with PKMζ-
TS:YSOG2 were treated with BILN for 24 h, then imaged once per hour for 10 h following BILN 
washout. B, YFP fluorescence in neurons stimulated with forskolin and rolipram decreases 
rapidly over time, indicating that PKMζ is rapidly degraded. C, Unstimulated neuron YFP 
fluorescence decreases slowly over time, indicating that PKMζ produced at the basal level is 
slowly degraded. D, YFP quantification in neuron cell bodies (n = 5 forskolin and rolipram 
stimulated cell bodies, n = 5 unstimulated cell bodies, error bars = SEM). E, YFP quantification in 
dendritic spines (n = 54 forskolin and rolipram stimulated dendritic spines, n = 55 unstimulated 
dendritic spines, ***: p < 0.001 by unpaired two-tailed T test, error bars = SEM). Scale bar, 20 μm. 
 

To characterize new PKCλ synthesis, we fused TS:YSOG3 to PKCλ and 

visualized PKCλ production and degradation after forskolin and rolipram cLTP. In 

contrast to PKMζ, PKCλ strongly localized to synapses both with and without stimulation 

(Figure 1.9A).  
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Figure 1.9. TS:YSOG3-PKCλ turnover is not altered by forskolin and rolipram cLTP. A, 
Transfected neurons stimulated with forskolin and rolipram, left unstimulated, or left without BILN 
were fixed and immunolabeled for PSD95. TS:YSOG3-PKCλ YFP fluorescence and PSD95 
immunofluorescence were imaged. Both stimulated and unstimulated neurons show TS:YSOG3-
PKMζ colocalization with PSD95, and no YFP fluorescence in untransfected neurons as expected. 
B, Schematic indicating how transfected neurons were treated with BILN for 24 h and imaged 
once per hour for 10 h after BILN washout. C, Stimulated neuron YFP fluorescence decreased 
over time, indicating some PKCλ degradation. D, Unstimulated neuron YFP fluorescence also 
decreased over time, similar to stimulated neurons. E, YFP quantification in neuronal cell bodies 
(n = 5 stimulated cell bodies, n = 5 unstimulated cell bodies, NS: p > 0.05 by unpaired two-tailed 
T test, error bars = SEM). F, YFP quantification in dendritic spines (n = 51 stimulated dendritic 
spines, n = 52 unstimulated dendritic spines; *: p < 0.05 by unpaired two-tailed T test, error bars = 
SEM). (G) Amino acid sequence of the TS:YSOG3-PKCλ fusion protein. Scale bars: A, whole cell 
20 μm, magnified pseudocolor 2 μm; C, D, 20 μm. 
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We marked newly synthesized PKCλ in TS:YSOG3-PKCλ-transfected neurons 

by treating them with BILN for 24 h and then tracked degradation of labeled PKCλ over a 

10 h period after BILN washout to visualize stability of new PKCλ over time (Figure 1.9B). 

PKCλ levels were slightly elevated in dendritic spines after stimulation, as expected. 

However unlike PKMζ, PKCλ turnover was unaffected by forskolin and rolipram 

stimulation and new copies of PKCλ appeared to stay more stable at synapses over time 

(Figure 1.9C-F). We cannot exclude the possibility that some PKCλ produced in dendritic 

spines diffuses away from the synapse; here we only examined PKCλ presence in 

spines irrespective of diffusion or degradation. If a population of PKCλ in fact remains 

stable at the postsynaptic membrane, it could potentially contribute to maintaining long-

term postsynaptic changes following LTP induction.  

 

Discussion 

Here we developed the new TS:YSOG3 reporter and used it along with 

TS:YSOG2 to characterize PKMζ and PKCλ turnover after cLTP induction in neurons. 

We found that PKMζ is upregulated following cLTP and that PKMζ copies produced 

post-stimulation localized to synapses. We additionally demonstrated that the turnover of 

PKMζ copies synthesized after cLTP is more rapid than the turnover of basal PKMζ, 

both in the neuron cell body and in dendritic spines. These results held for PKMζ fused 

via its C terminus to TS:YSOG2. Furthermore we demonstrated that PKCλ remains more 

stable at synapses than PKMζ and that its turnover is not altered after cLTP. We showed 

that our TS reporters not only allow identification of new copies of a given protein but 

also old copies as they degrade over time; this is possible because TS-tagged proteins 

synthesized during BILN application remain fused to irreversibly complemented YFP that 

stays stable after BILN washout. Moreover, fusion to TS did not affect PKMζ localization, 
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proteasome-mediated degradation, or rate of turnover. Our experiments were performed 

in cultured neurons with cLTP induction; while this is only an in vitro model of brain 

activity, many of the cellular mechanisms are analogous and relevant for understanding 

processes that occur in the intact brain.  

TS reporters confer several advantages over similar techniques for 

characterizing protein stability. New protein synthesis and turnover can be visualized 

with photoconvertible fluorescent proteins such as Dendra2 and mEos2 by tracking 

protein emission shifts after exposure to violet light. While these proteins can 

differentiate between new and old copies of a particular protein, their utility is limited 

because photoconversion requires transparent or very thin samples and potentially 

damaging exposure to intense illumination [68, 69]. Pulse labeling methods such as 

bioorthogonal noncanonical amino acid tagging (BONCAT) and fluorescent 

noncanonical amino acid tagging (FUNCAT) can also mark all new protein copies, but 

are not specific to a protein of interest and require cells to incorporate unnatural amino 

acids prior to labeling [7, 70, 71]. This can be evaded by pulse labeling proteins 

expressing a tetracysteine motif with biarsenical dyes FlAsH and ReAsH, however these 

dyes can be toxic to live samples and require co-administration of antidotes [9, 10]. TS 

reporters avoid these drawbacks and allow analysis of new or old marked protein copies 

by western blotting, MS, and EM in addition to light microscopy. 

Our observation that PKMζ is both rapidly synthesized and degraded following 

cLTP in neurons suggests that a stable amount of PKMζ would be difficult to maintain at 

synapses and store memories over long time scales. New reports characterizing 

memory in PKMζ knock-out animals and demonstrating that ZIP is not specific to PKMζ 

also suggest that PKMζ may not be the primary molecule maintaining long-term memory 

[44-46]. Despite the controversy surrounding previous work on PKMζ, the exciting and 
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well-established finding is that ZIP administration into the brain can disrupt fairly long-

lasting memories of up to a month [72]. The protein KIBRA (Kidney/BRAin protein) was 

newly identified as a synaptic protein that binds to GluR2 AMPA receptors, associates 

with PKMζ, and is involved in memory [73]. A recent study performed in a kidney cell line 

suggested that KIBRA stabilizes PKMζ [74]; perhaps this interaction contributes to the 

elevated levels of PKMζ present after LTP induction. Further studies in neurons are 

needed to demonstrate whether KIBRA can stabilize PKMζ in the complicated synaptic 

environment containing proteins such as PIN1, NSF, PICK1, p62, and GluR2, all of 

which are implicated in PKMζ-mediated GluR2 transport to the postsynaptic membrane 

during late LTP.  

PKCλ is an atypical PKC with a catalytic domain similar to the catalytic domain in 

PKMζ [48], and is now known to be an additional target of ZIP [48]. PKCλ could 

potentially function in retaining AMPA receptors at the postsynaptic membrane in a 

similar or complementary mechanism as PKMζ. Here we observed that PKCλ turnover 

was not strongly affected by cLTP and that it remains more stable at synapses than 

PKMζ. While these two PKC isoforms have different roles in establishing neuronal 

polarity during development and differential expression patterns throughout the body, 

their substrates are similar [16, 49]. Thus it is possible that one could compensate in the 

absence of the other. PKCλ has a regulatory domain, unlike PKMζ, the latter of which is 

constitutively active after late LTP. Therefore the question remains how PKCλ can 

remain active and functional over long time scales. Perhaps the association of stable 

PKCλ with scaffolding protein p62 and other structural proteins near the postsynaptic 

membrane protects a population of the protein from degradation. In our study we did not 

account for the likely on-off switches in PKCλ kinase activity as with other PKCs 

containing a regulatory domain [50], or PKMζ or PKCλ translocation away from the 
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original site of synthesis. There is no evidence for atypical PKC translocation [56], 

however the activation state and diffusion of these proteins should be considered in 

future studies. 

Despite extensive work on synaptic proteins like PKMζ, the mechanisms behind 

LTP and LTM maintenance are still elusive. Early theories postulated that memory must 

be maintained in a highly stable molecule like DNA [75], others later attributed memory 

maintenance to self-perpetuating bistable proteins like PKMζ, CPEB, and CaMKII [15, 17, 

18], or permanent alterations in neuronal extracellular structures [76]. For memories to 

remain stable, the changes made to encode the memory must also perpetuate 

themselves as the molecules undergo repeated cycles of generational turnover. 

In conclusion, our work addressed the stability of synaptic memory-related 

proteins PKMζ and PKCλ and demonstrated that TS reporters are useful tools for 

visualizing and tracking specific populations of a given protein over time. These 

reporters could potentially be used in the intact brain to identify synapses that were 

modified after a learning experience and that maintain the memory of what was learned. 

Experiments using confocal brain tissue imaging and live animal brain imaging to 

visualize TS-tagged proteins synthesized in response to stimulation or a learning 

paradigm could give further insight into synapse modifications that are long-lasting. 

While there is growing evidence against a role for PKMζ in memory, PKCλ has yet to be 

challenged. Ultimately the molecular interactions disrupted by ZIP are likely those that 

are critical in memory maintenance. Future studies on synaptic protein stability using TS 

reporters could potentially help us understand how synapses are modified to encode and 

store our memories for as long as a lifetime.   

 

Methods 
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Reagents 

A plasmid encoding rat PKMζ cDNA was obtained from Alexandra Newton’s lab 

(UCSD). Rat PKMζ UTRs and PKCλ cDNA were cloned directly from rat neuron 

genomic DNA and rat neuron cDNA, respectively. All constructs were inserted into the 

pCAGGS mammalian expression plasmid, which drives expression via a 

cytomegalovirus (CMV) enhancer fused to a chicken β-actin promoter, and were 

generated using standard molecular biology techniques; PCR, restriction enzyme 

digestion, and ligation. The TS:YSOG3-PKMζ version of TS was generated by 

rearrangement of the original TS:YSOG2 tag followed by testing and determination of 

optimal modifications. The Control 5’UTR sequence derived from the pCAGGS vector is 

5’CTCCAGCCTCGGGGCTGTCCGCGGGGGGACGGCTGCCTTCGGGGGGGACGGG

GCAGGGCGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCTAGCTAGAGCCTCT

GCTAACCATGTTCATGCCTTCTTCTTTTTCCTACAGCTCCTGGGCAACGTGCTGGTT

ATTGTGCTGTCTCATCATTTTGGCAAAGAATTC 3’ and the Control 3’ UTR sequence 

is 5’ GCGGCCGCTCGA3’ followed by the rabbit β-globulin poly(A) terminator present in 

the pCAGGS vector. All subcloned fragments were fully sequenced to confirm 

successful construction. Forskolin, rolipram, and glycine were used for stimulation (50 

μM, 0.1 μM, and 200 μM, respectively; Sigma-Aldrich). Cycloheximide was used at 50 

μg/mL to inhibit protein synthesis (Millipore). BILN-2061 was used at 1 μM to inhibit the 

HCV NS3 protease (ACME Synthetic Chemical). MG132 was used at 5 μM to inhibit 

proteasome-mediated protein degradation (Millipore). Primary antibodies used were 

mouse monoclonal anti-PSD95 (Pierce), mouse monoclonal anti-T7 (Millipore), mouse 

monoclonal anti-FLAG (Life Technologies), rabbit polyclonal anti-PKCζ (Sigma-Aldrich), 

rabbit polyclonal anti-miniSOG (Custom order from QED Biosciences). For 

immunoblotting, primary antibodies were used at 0.1-0.4 μg/mL. HRP-conjugated mouse 



	

	
 

35 

secondary antibody (Cell Signaling) and HRP-conjugated rabbit secondary antibody 

(BioRad) were used at 0.4 μg/mL. For immunofluorescence, primary antibodies were 

used at 0.5-1 μg/mL. Alexa Fluor 568-conjugated mouse and Alexa Fluor 647-

conjugated goat secondary antibodies (Life Technologies) were used at 0.5 μg/mL.  

 

Cell culture 

All cell culture reagents were obtained from Life Technologies unless otherwise 

indicated. HEK-293A cells were obtained (ATCC) and cultured in Dulbecco’s Minimum 

Eagle Medium supplemented with 10% fetal bovine serum, 2 mM GlutaMAX, 20 U/mL 

penicillin, and 50 μg/mL streptomycin. HEK-293A cells were transfected with 

Lipofectamine 3000. Cortical neurons were dissociated by papain from postnatal day 2 

(P2) Sprague Dawley rats of either sex, transfected by Amaxa electroporation (Lonza), 

then plated on poly(D-lysine) coated MatTek glass-bottom dishes (MatTek Corporation) 

and cultured in Neurobasal A medium with B27 supplement, 2 mM GlutaMAX, 20 U/mL 

penicillin, and 50 μg/mL streptomycin as previously described [14]. All neuron 

experiments were performed in cultured neurons matured to between 12 and 16 days in 

vitro (DIV). All animal procedures were approved by the Institutional Animal Care and 

Use Committee of the University of California, San Diego.  

 

Chemical LTP 

Neurons were stimulated as previously described [59, 64]. Briefly, cultured 

neurons were incubated for 20 min at room temperature in ACSF (in mM): 125 NaCl, 2.5 

KCl, 1 MgCl2, 2 CaCl2, 22 D-glucose, and 25 HEPES (pH 7.3), then incubated in ACSF 

lacking MgCl2 and containing 50 μM forskolin and 0.1 μM rolipram for 10 min. Neurons 

were rinsed in ACSF, then replaced in their original culture medium to which 1 μM BILN 
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had been added. For glycine-dependent chemical LTP, neurons were treated in the 

same manner but incubated with 200 μM glycine for 15 min instead of forskolin and 

rolipram.  

 

Immunoblotting 

For analysis of PKMζ synthesis and degradation in neurons by immunoblotting, 

transfected neurons were plated and maintained in 6-well cell culture plates. After 

treatment by the desired pharmacological agents, cells were rinsed quickly with ACSF 

(in mM): 125 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 22 D-glucose, and 25 HEPES (pH 7.3) 

and resuspended in lysis buffer (20 mM Tris-HCl, 1% Triton detergent, 10% glycerol, 2 

mM EDTA, 137 mM NaCl, and Roche EDTA-free protease inhibitor, pH 7.4). Cells were 

homogenized and protein content assessed by Bradford assay. SDS loading buffer was 

added to lysate, then immunoblotting was performed. Briefly, lysates were run on 

NuPage 4-12% Novex Bis-Tris SDS polyacrylamide gels (Life Technologies). Proteins 

were transferred onto polyvinylidene fluoride membranes (Life Technologies) by 

electroblotting, and membranes were then blocked with 10% non-fat dried milk in Tris-

buffered saline with 0.1% Tween-20 (TBST), incubated in primary antibody overnight in 

5% BSA in TBST at 4°C, washed in TBST to remove excess primary antibody, incubated 

in HRP-conjugated secondary antibody in TBST for 1 hour (h) at room temperature, and 

finally rinsed 3 times for 15 min each in TBST. Proteins were visualized by 

chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific) and film (Blue Devil, Genesee Scientific). Films were scanned and band 

densities were quantified using the NIH ImageJ program. Band densities were 

normalized to the GAPDH loading control band in each lane (Fig. 2E, H) and plotted as 

the fraction of protein remaining relative to time 0 h (Fig. 2F, I). 
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Immunofluorescence 

To determine that fusion to TS did not affect PKMζ synaptic localization, cortical 

neurons were dissociated, electroporated with the plasmid of interest, and plated on 

MatTek dishes coated with poly(D-lysine). BILN was added to the media 24 h prior to 

fixation. Neurons were fixed by addition of one culture volume of 4% paraformaldehyde 

and 10% sucrose in phosphate-buffered saline (PBS) for 10 minutes at room 

temperature, then permeabilized with 0.1% Triton in PBS, blocked with 5% non-immune 

goat serum in PBS with 0.45% BSA, and probed for PSD95 according to standard 

procedures. Specificity of secondary antibodies was confirmed in control samples 

without primary antibody. Images were obtained on an Olympus FluoView 1000 

Confocal Laser Scanning Microscope (LSM) 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 into a maximum intensity projection. Analysis was performed 

on an Apple Macintosh notebook using the NIH ImageJ Program. Immunofluorescence 

images of related conditions were matched for laser power, gain, and offset.   

 

Time-lapse microscopy 

To follow fluorescence development of TS:YSOG2 and TS:YSOG3 tags in 

transfected neurons, cells were cultured on MatTek dishes in Neurobasal medium as 

previously described [14]. BILN was added to neurons that had been stimulated or left 

unstimulated. After 24 h of BILN incubation, neurons were washed three times with 

warmed conditioned media and replaced in HBSS supplemented with B27, 25 mM 

glucose, 1 mM pyruvate, and 20 mM HEPES. Neurons were imaged on an Olympus 

FluoView 1000 Confocal LSM equipped with a stage-top environmental chamber with 

temperature set to 37°C and 5% CO2, using a 40x oil objective. For confocal imaging, 
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the following settings were used: excitation with a 488-nm argon-ion laser line at 0.5% 

power, scan resolution 800 x 800 pixels, scanning speed 2 μsec/pixel, photo-multiplier 

voltage 700 V, digital gain of 1. A stack of optical sections at 1-μm intervals through each 

neuron was obtained at each position and time point and then flattened in a maximum 

intensity projection. Analysis was performed on an Apple Macintosh notebook using the 

NIH ImageJ program. Images of related conditions were matched for laser power, gain, 

and offset. 

 

Stable Isotope Labeling by Amino Acids in Cell Culture 

Neurons were transfected with the PSD95-TS:YSOG2 plasmid and cultured on 

MatTek dishes in Neurobasal medium as previously described [14]. On DIV13, neurons 

were placed in custom-ordered Neurobasal medium lacking arginine and lysine (Life 

Technologies) and supplemented with 1 μM BILN, 13C6, 15N4 L-Arginine-HCl (Arg*), and 

13C6, 15N2 L-Lysine-2HCl (Lys*) (Cambridge Isotope Laboratories). After 24 h, neurons 

were either lysed or replaced in normal Neurobasal medium lacking BILN, Arg*, and 

Lys* for an additional 24 h before lysis. Lysates were analyzed by MS. Peptides were 

identified using open-source MaxQuant software.  

 

Statistical analysis 

Statistical significance was determined by the unpaired, two-tailed Student’s t-

test; differences were considered to be significant for p values of less than 0.05. 

 

Chapter 1, in full, was accepted to the The Journal of Neuroscience and 

published on May 20th, 2015. The dissertation author was the primary investigator and 

author of this material. Margaret Butko and John Ngo assisted with the study design. 
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Mason Mackey assisted with light microscopy imaging. Larry Gross assisted with mass 

spectrometry. Roger Tsien and Mark Ellisman supervised the project and provided 

advice.  
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CHAPTER 2 

 

Electron microscopy of PKMζ and resolving signals in EM using electron energy loss 

spectroscopy 

 

Abstract 

EM provides major advantages over LM, however few successful labeling 

methods are established for identifying molecules present in low copy number and in the 

context of other molecules of interest. Resolving signals from lanthanide element-

conjugated DABs deposited around molecules of interest using electron energy loss 

spectroscopy (EELS) is a novel method for generating images that are not possible 

using cTEM. Here, EELS was used first to confirm a cTEM result suggesting that new 

copies of TS:YSOG3-PKMζ produced after cLTP stimulation localize to the postsynaptic 

membrane. This method was then taken one step further and used in combination with 

other photosensitizers and DABs to resolve two independently generated EM signals 

within a single sample, showing that polycationic cell-penetrating peptides enter cells via 

endocytosis. EELS applied to resolving signals in EM opens the possibility of more 

carefully interrogating the role of spatial organization in signalling at the neuronal 

synapse. 

 

Introduction 

 Certain questions in biological research require imaging at the EM level, beyond 

the resolution achievable by conventional LM methods. In LM, individual structures that 

are within approximately 250 nm of each other cannot be resolved as two separate 

signals due to diffraction limitations. Newer superresolution methods for LM including 
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photoactivatable localization microscopy (PALM) and stochastic optical reconstruction 

microscopy (STORM) can overcome the diffraction limit and enable higher resolution 

imaging [77], however they only provide information about the specific structures labeled 

and cannot give a picture of the labeled structures in the context of the cellular 

environment. These superresolution methods are also restricted by the individual 

fluorophores used and the extent to which they can be multiplexed. EM, in contrast, 

reveals the entire ultrastructure of a cell or tissue and the location of a molecule of 

interest in the context of its entire subcellular environment.  

  EM is useful in overcoming the resolution restrictions of LM, however there are 

limited tools available for differentiating between labeled molecules within a single 

sample. The identification of specific structures in cTEM is primarily based on discerning 

differences in grayscale [78]. Dark, electron dense signals can be generated by the 

enzyme horseradish peroxidase (HRP) conjugated to an antibody that labels a target 

protein. HRP generates an osmiophilic DAP precipitate when treated with dilute 

hydrogen peroxide, resulting in some contrast. This precipitate can then be further 

labeled with OsO4 to enhance the contrast by binding to the DAB precipitate. HRP can 

be targeted via antibodies to a specific protein of interest, which can highlight a specific 

molecule in an EM image. The problem however is that the cell or tissue needs to be 

permeabilized before antibody labeling and this disrupts cellular ultrastructure. Another 

disadvantage is the variability in the distance of signal to target protein due to the length 

of primary and secondary antibodies. Signal uncertainties can be overcome using 

nanogold labeling, which relies on the detection of antibodies conjugated to gold 

particles of different sizes [79]. Nanogold labeling can be used to discern between two 

proteins of interest, however this method is also limited by the necessity for tissue 

permeabilization.  
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 Genetically encoded reporters for EM offer an alternative to antibody-based EM 

labeling. The newly developed 12-kD mini singlet oxygen generator (miniSOG) [51] and 

ascorbate peroxidase (APEX) [80, 81] reporters are fused to a protein of interest and 

generate signals for EM via photo-oxidation using blue light or treatment with dilute 

hydrogen peroxide, respectively. These strategies do not require tissue permeabilization 

prior to oxidation, which is a major advantage for preserving cellular ultrastructure for EM. 

One disadvantage of these reporters, however, is that they require fusion to the protein 

of interest and may interfere with protein localization or function. A variation is to instead 

encode a small epitope tag, for example a tetracysteine motif or polyhistidine peptide, 

that can be labeled with a small molecule dye after fixation. Dyes including methylene 

blue, ReAsH [10], and IR700 [82] can produce reactive oxygen species upon irradiation 

with specific wavelengths of light. This enables EM labeling without attachment of a 

large reporter. 

 One major obstacle for EM is the inability to resolve signals generated by 

combinations of reporters and thus localize two different molecules of interest within a 

single sample. To solve this problem, our lab developed a technique to use EELS to 

resolve separate signals from DABs polymerized by different labeling methods. EELS 

relies on detection of energy losses that are characteristic of inner shell electron losses 

from known lanthanide elements when a sample is labeled using a DAB conjugated to a 

lanthanide. When multiplexed, this new method would enable visualization of multiple 

molecules of interest simultaneously and at the EM level, which offers an enormous 

advantage over conventional LM imaging. 

 To test this new method of EELS-based EM imaging, we first examined protein 

localization using a single lanthanide-conjugated DAB and then attempted labeling with 

multiple DABs to generate multiple EELS images within a single sample. PKMζ 



	

	
 

43 

dynamics and localization was previously examined at the LM level (Chapter 1) and the 

miniSOG reporter embedded within TS:YSOG3 was used to localize new copies of 

PKMζ within the postsynaptic compartment using cTEM. Postsynaptic labeling was 

difficult to distinguish from endogenous electron density of the PSD, so we then used 

Ce-conjugated DAB to examine PKMζ localization using EELS. This method was then 

multiplexed to examine peptide uptake into endosomes within HeLa cancer cells. Overall, 

we describe a new method for multicolor EM imaging and demonstrate that this method 

has the potential to answer many interesting questions in biology.  

  

Results 

Imaging the localization of new copies of TS:YSOG3-PKMζ using cTEM 

 We initially observed that PKMζ was upregulated in dendritic spines following 

cLTP and that these new copies of PKMζ were rapidly synthesized and degraded. New 

copies of PKMζ presumably function in the early stages of memory encoding and short-

term synaptic events. To examine where specifically these copies are localized within 

the neuronal synapse, we used the miniSOG reporter embedded within TS:YSOG3 to 

label PKMζ produced after cLTP. Neurons expressing TS:YSOG3-PKMζ were matured 

to DIV14, stimulated with forskolin and rolipram to induce cLTP, and immediately treated 

with BILN for the following 24 h to label all new copies of the protein. Neurons were then 

fixed, and a single neuron expressing TS:YSOG3-PKMζ was identified by YFP (Venus) 

fluorescence (Figure 2.1A) and photo-oxidized in the presence of DAB. The photo-

oxidized neuron was visibly darkened after photo-oxidation and osmification (Figure 

2.1B). After the sample was sectioned, a low magnification image was acquired in which 

the original photo-oxidized neuron was identified (Figure 2.1C). By correlating this image 

with the LM image, we identified bright punctate regions along dendrites that 
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represented regions containing accumulated new PKMζ. We then correlated them to 

dark regions in the low magnification image. These regions were then imaged at higher 

magnification so that individual photo-oxidized dendritic spines and synapses could be 

identified (Figure 2.1D). Synapses were defined by the presence of presynaptic vesicles, 

and labeling was apparent at the postsynaptic membrane (Figure 2.1E). 

 

Figure 2.1. TS:YSOG3-PKMζ imaged using conventional TEM. A, Neuron expressing 
TS:YSOG3-PKMζ, treated with BILN for 24 h then fixed and imaged. B, Transmitted light image 
of the same neuron following photo-oxidation in the presence of DAB. C, Low magnification 
image of the soma of the neuron in A. D, A photo-oxidized dendrite. E, A photo-oxidized 
perforated synapse; the postsynaptic compartment is photo-oxidized and labeling appears along 
the postsynaptic membrane. 
 

Imaging new copies of TS:YSOG3-PKMζ using Ce-DAB and EELS 

 While the synapse in Figure 2.1 exhibited electron density at the postsynaptic 

membrane, nearly every postsynaptic membrane appears darker than surrounding 

structures in EM because of the concentration of proteins in the PSD. Therefore it was 

Venus Transmitted Low-Mag EM A B C 

D E 
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unclear whether the apparent signal was truly due to new copies of PKMζ labeled by 

miniSOG photo-oxidation. We hypothesized that the labeling specificity could be 

confirmed by photo-oxidizing in the presence of Ce-DAB instead of unconjugated DAB 

(Figure 2.2F), resulting in Ce deposition where miniSOG was located. The Ce could then 

be detected by EELS to differentiate between signal derived from miniSOG and 

endogenous PSD electron density. 
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Figure 2.2. Chemical LTP results in PKMζ localization to the postsynaptic membrane. 
A, Transmitted light image of photo-oxidized cultured neurons expressing TS:YSOG3-PKMζ, 
stimulated with forskolin and rolipram, treated with BILN for 24 h, and photo-oxidized with Ce-
DAB2. B, TEM image (x 6000, 0.9nm/pixel) of a neuron (white box in a) showing enhanced post-
synaptic electron density (arrows). C, Ce elemental map (x 8000, 4.4nm/pixel; 3 window method 
using a sum of 7 drift-corrected 40s exposures per window, smoothed with a Gaussian blur 1) 
showing that Ce localization corresponds to photooxidation and confirming that PKMζ strongly 
localizes to the postsynaptic membrane after stimulation. D, Overlay of Ce map (green) on the 
TEM image. E, TEM image at a higher magnification of the region shown in b (white box). F, 
Overlay of Ce map at higher magnification (x 25000, 0.2 nm/pixel; 3 window method  using a sum 
of 25 drift-corrected 50s exposures per window, smoothed with Gaussian blur 3) on the TEM 
image. G,  Transmitted light image of unstimulated neurons expressing TS:YSOG3-PKMζ treated 
with BILN for 24 h and photooxidized with Ce-DAB2. H, TEM image of neuron shown in g (white 
box). I, Ce elemental map (x 8000, 4.4nm/pixel; 3 window method using a sum of 7 drift-corrected 
40s exposures per window, smoothed with a Gaussian blur 1) of the region in h scaled similarly to 
c indicating minimal Ce deposition and that basally produced TS:YSOG3-PKMζ is not post-
synaptically localized the image. J, EELS quantification of the relative Ce signal spectra of the 
circular regions shown in b (green circle) and h (black circle), normalized to the same background 
counts. K, Structure of Ce-DAB.  

 

Neurons expressing TS:YSOG3-PKMζ were matured to DIV14, stimulated with 

forskolin and rolipram to induce cLTP, and then immediately treated with BILN for the 

following 24 h to label all new copies of the protein. Neurons were then fixed, and a 

single neuron expressing TS:YSOG3-PKMζ was identified and photo-oxidized in the 

K 
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presence of Ce-DAB (Figure 2.2A). Similar to the neuron photo-oxidized in Figure 2.1B, 

this neuron also exhibited intracellular signal derived from photo-oxidation, particularly in 

dendritic spines. After sectioning, the neuron was imaged at higher magnification and 

specific photo-oxidized regions were identified under low-magnification cTEM, which 

showed significant intracellular labeling concentrated at the postsynaptic membrane 

(Figure 2.2B).  

An EELS map for Ce indicates that Ce is present in the same regions that appear 

very dark in the cTEM image, confirming that postsynaptic labeling is due to miniSOG 

(Figure 2.2C), and this is evident in an overlay of the EELS map for Ce (pseudocolored 

green) and cTEM image (Figure 2.2D). A higher magnification comparison between 

cTEM image and EELS map (Figure 2.2E-F) further demonstrates that labeling appears 

specifically in the postsynaptic compartment, along the postsynaptic membrane and 

sparsely within the dendritic spine. An EELS spectrum for Ce (Figure 2x) proves that Ce 

is in fact present within the sample. Finally, we photo-oxidized an additional neuron 

matured to DIV14 and transfected with TS:YSOG3-PKMζ that was left unstimulated 

before treatment with BILN for 24 h prior to fixation and photo-oxidation with Ce-DAB. In 

this unstimulated neuron, there is significantly less intracellular darkening, confirming 

that PKMζ is produced at a low level in the absence of stimulation (Figure 2.2G). 

Synapses from this sample display a small amount of darkening at the postsynapse, 

which is characteristic of endogenous postsynaptic electron density. An EELS map of 

this same synapse demonstrates that it does not correlate with the presence of Ce-DAB 

(Figure 2.2I). EELS spectra for the two regions of interest from the stimulated neuron 

and unstimulated neuron show the presence and absence of Ce, respectively (Figure 

2.2J). Therefore, this method confirms that copies of PKMζ newly synthesized after 
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stimulation localize to the postsynaptic membrane, where they may function in signalling 

events important in early LTP.  

  

Optimizing conditions for multicolor photo-oxidation 

 The ultimate use of EELS for EM imaging is to localize multiple species within a 

single sample, by differentiating EELS signals derived from a combination of Ln3+-DABs 

deposited by a combination of photosensitizers. Our lab previously tested several Ln3+-

DABs in addition to Ce-DAB and identified praseodymium (Pr) as a good Ln3+-DAB 

conjugate that provides a signal different enough from Ce to be differentiated using 

EELS. These two DAB conjugates could potentially be deposited separately using two 

different photosensitizers and for two different molecules within one sample (Figure 

2.3A). After fixation and photo-oxidation, EELS analysis would resolve two different 

signals for the two different kinds of molecules. 

Based on this preliminary work, an experiment was designed to examine peptide 

uptake into endosomes within cancer cells by multicolor EM. If two subcellular structures 

are labeled using different fluorescent, photosensitizing molecules and then reacted 

separately using two different Ln3+-DABs, these subcellular structures should be 

resolved using energy filtered (EF) TEM for each Ln3+ element and this data can be used 

to generate two images that can be overlaid (Figure 2.3B).  
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Figure 2.3. Imaging endosomal uptake of d(Arg)9-MB. A, Scheme for two-color EM using EELS 
and energy filtered TEM. Cells with stained mitochondrial (red) and nuclear membranes (green) 
are first irradiated to photo-oxidize and precipitate Ce-DAB. After washing and replacement with 
Pr-DAB, illumination at an orthogonal wavelength generates precipitate at the nuclear membrane. 
Alternatively, the Pr-DAB can be oxidized by hydrogen peroxide following immunoperoxidase 
labeling. Following conventional osmification, embedding, sectioning, and EM, energy filtered EM 
yields elemental maps for Ce and Pr that are overlaid on the conventional osmium image. B, C, 
In cancer cells, two-color EM was used to resolve the signals from endosomes (miniSOG-Rab5a, 
green, Ce-DAB) and cationic peptide (d(Arg)9-MB, red, Pr-DAB).  D-F. Fluorescence images of 
miniSOG-Rab5a and d(Arg)9-MB in a HeLa cell. G. Transmitted light image of cell in D-F. H-J. 
Fluorescence images of miniSOG-Rab5a and d(Arg)9-MB in a HeLa cell. K. Transmitted light 
image of cell in H-J after photo-oxidation. 
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The small dye molecule methylene blue (MB) that produces reactive oxygen 

species when irradiated was fused to a polycationic cell-penetrating peptide (CPP, 

d(Arg)9) and added to cancer (HeLa) cells transfected with miniSOG conjugated to 

Rab5a, a protein involved in endosome formation. HeLa cells were treated with d(Arg)9-

MB for 30 min and 2 h at 37C in cell culture media (Figure 2.3B). We hypothesized that 

these two photo-sensitizers, when reacted in the presence of each DAB, would result in 

signals differentiable by both LM and EELS-EM (Figure 2.3C). Cells were examined 

under the light microscope to examine peptide uptake into endosomes. Samples that 

were treated for 30 min showed punctate but very dim intracellular fluorescence signal 

(data not shown), while those treated for 2 h showed similar but brighter and larger 

intracellular puncta in both the miniSOG and MB channels (two examples, Figure 2.3 D-

F and H-J). When miniSOG-Rab5a was photo-oxidized in the presence of Ce-DAB and 

d(Arg)9-MB in the presence of Pr-DAB, a transmitted light image of the resulting photo-

oxidation shows that dark signal appears in the form of puncta, indicating that photo-

oxidation was specific for MB and miniSOG. Several images were taken of endosome 

structures within photo-oxidized cells using cTEM (Figure 2.4A-H). Photo-oxidized 

structures are round and electron-dense. They show various degrees of labeling, which 

is potentially due to the combined photo-oxidation of miniSOG and d(Arg)9-MB in which 

some endosomes may contain more of one reagent than another.  
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Figure 2.4. Imaging endosomal uptake of polycationic peptide conjugated to IR-700. A-H, 
Examples of endosome structures from photo-oxidized HeLa cells expressing miniSOG-Rab5a 
and treated with d(Arg)10-IR700 for 2 hours, prepared and imaged by cTEM. 
 

Resolving signals from peptide loaded into endosomes by two-color TEM 

 Several attempts at using the combination of miniSOG-Rab5a and d(Arg)9-MB 

proved that while miniSOG photo-oxidized robustly, d(Arg)9-MB did not deposit enough 

Pr-DAB to be readily apparent by EELS. A further red-shifted dye, IR700, was fused to 

d(Arg)10 and used as an alternative to d(Arg)9-MB. To test whether the signals from 

miniSOG-Rab5a and d(Arg)10-IR700 are differentiable by EELS, we photo-oxidized cells 

using Ce-DAB for miniSOG-Rab5a and Pr-DAB for d(Arg)10-IR700 (Figure 2.5A) and 

then prepared them for EM. A low magnification image of the photo-oxidized cell showed 

labeling in puncta around the periphery of the cell, which we presumed corresponded to 

peptide taken up into endosomes (Figure 2.5A). Fluorescence images for miniSOG and 

IR700 (Figure 2.5B and C) indicated that there was fluorescent signal in both channels, 

and that the fluorescent puncta in each channel corresponded to the photo-oxidized 

puncta. A pseudocolored image with miniSOG-Rab5a in green and d(Arg)10-IR700 in red 

A B C D 

E F G H 
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shows the labeling together, with colocalized puncta appearing yellow and designated 

with white arrows (Figure 2.5D). 

  

 
Figure 2.5. Two-color EM of Endosomal uptake of cell-penetrating peptides. 
A, Transmitted light image of miniSOG-Rab5a transfected HEK293 cell  treated with d(Arg)10-
IR700 showing endosomes (arrows) following photo-oxidation. Corresponding fluorescent images 
of B  representing miniSOG-Rab5a, C representing d(Arg)10-IR700 labeling and D representing 
two-color overlay of fluorescent images typical endosomes arrowed. E, Conventional TEM image 
of an endosome after consecutive photo-oxidation of Ce- (MiniSOG-Rab5a) and Pr-DAB2 
d(Arg)10-IR700. F and G, Ce and Pr elemental maps respectively of endosome (x 25000, 
0.2nm/pixel; 5 window method using a sum of 12 drift-corrected 50s exposure per window, 
smoothed with Gaussian blur radius 3). H, Two color merge of the Ce (green) and Pr (red) 
elemental maps overlaid on the TEM image reveals the r10 is lumenal and Rab5a is on the 
cytoplasmic face of the endosome. I, TEM image (x 20000, 0.45 nm/pixel) of a multivesicular 
body (MVB) from the same cell. J-K,  Ce and Pr elemental maps respectively  of the MVB (x 
20000, 1.8 nm/pixel; 5 window method on CCD detector (bin by 4 pixels) using a sum of 6 drift-
corrected 40s exposures, smoothed with Gaussian blur radius 1). L, Two color merge of the Ce 
(green) and Pr (red) elemental maps), overlaid on TEM image showing vesicular but no 
cytoplasmic Rab5A. 
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A higher magnification image of a single endosome from the photo-oxidized cell 

shows labeling along the periphery and punctate staining within the compartment (Figure 

2.5E). EELS data for Ce and Pr show two different signal patterns within the single 

endosome (Figure 2.5F, G). The pseudocolored image showing the Ce map in green 

pseudocolor and the Pr map in red pseudocolor indicates that miniSOG-Rab5a appears 

outside the endosomes and the d(Arg)10-IR700 peptide appears inside the endosomes 

(Figure 2.5H). This result confirms the hypothesis that one mechanism by which the 

polycationic peptide d(Arg)10-IR700 enters the cell via endocytosis. 
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Figure 2.6. Negative control reactions for photosensitizers used in two-color EM. A, Left, HeLa 
cell transfected with miniSOG; right, transmitted light image of the same cell after photo-oxidation. 
B, Left, HeLa cell treated with R9-MB for 2 hours; right, transmitted light image of the same cell 
after photo-oxidation. C, Left, HeLa cell treated with d(Arg)10-IR700 for 2 hours; right, transmitted 
light image of the same cell after photo-oxidation. 
 

Several different phenotypes of miniSOG-Rab45a (Ce) and d(Arg)10-IR700 (Pr) 

localization were found within endosome-like structures in the photo-oxidized cell. One 

example appeared to be a multivesicular body (Figure 2.5I) in which a large miniSOG-

Rab5a-positive endosome encapsulated smaller vesicles, each containing d(Arg)10-

IR700 peptide. This suggests that d(Arg)10-IR700 peptide can be taken up into 

endosomes of a variety of sizes and that these structures can be present within each 
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other. To confirm that each reporter photo-oxidized, HeLa cells were transfected with 

miniSOG-Rab5a or treated with d(Arg)9-MB and photo-oxidized individually. Transmitted 

light images confirmed that each photosensitizer used in these experiments was able to 

deposit DAB upon light irradiation (Figure 2.6A-C). These preliminary data using 

multicolor EM suggest that not only can this method be used to enhance our ability to 

image biological samples, it can also be improved with efforts towards identifying new 

compatible photosensitizers and Ln3+-DABs. 

 

Discussion 

 Our finding that new copies of PKMζ localize to the postsynaptic membrane after 

cLTP, and not copies of PKMζ produced at a basal level, suggests that new copies may 

have a specific role in the PSD that functions in early synaptic signaling events. One 

hypothesis is that PKMζ binds to the scaffold protein P62 and this interaction brings it 

into proximity to targets on the postsynaptic membrane. While these new copies may be 

involved in early signalling processes, the data described in Chapter 1 show that new 

PKMζ copies are not only synthesized rapidly after stimulation, they are also degraded 

rapidly. Therefore it is difficult to believe that the role of PKMζ extends beyond early 

stages of memory encoding and stabilization. Other processes and synaptic changes 

that are more permanent, for example modifications in the extracellular environment 

around synapses, are more likely to be involved in long-term memory processes. Most 

importantly, it was only possible to confirm this result using EELS, as the PSD is 

normally electron dense in cTEM and could not be differentiated from miniSOG-based 

labeling.  

 Single-color EELS of miniSOG-based deposition of Ce-DAB was useful as a first 

step towards multiplexing DAB chelates for multicolor EM imaging, which allows us to 
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visualize more than one molecule of interest at the EM level and in the same sample. 

Our successful combination of the miniSOG reporter with small molecule 

photosensitizers MB and IR700 proves that extending this method to more than two 

colors is a possibility for future work, given that suitable photosensitizers and compatible 

DAB conjugates can be identified and optimized. Interestingly, while MB has been used 

frequently in immunocytochemistry and immunohistochemistry, IR700 is a relatively new 

dye that is actively being studied as a photosensitizer for photodynamic therapy. 

Exploration of the photo-oxidation capability of other new dyes may provide opportunities 

for multiplexing for multiple colors in EM. 

 We used polycationic peptide endocytosis as an example for testing multicolor 

EM because of work in our lab towards using activatable cell-penetrating peptides 

(ACPPs) for targeting and labeling cancer cells in a protease-sensitive manner, 

depending on exposure of a polycationic peptide conjugated to dye. The finding that 

both the d(Arg)9-MB and d(Arg)10-IR700 colocalize with Rab5a positive punctate 

structures indicates that these polycationic peptides enter cells via endocytosis, and 

therefore, cleaved ACPPs also enter and label cells of interest via endocytosis. 

Confirmation of this uptake process can help future work towards optimizing peptide 

uptake into cells and tissues. 

 Multicolor EM has applications for answering questions in biology far beyond 

PKMζ localization at the neuronal synapse and cationic peptide endocytosis. The use of 

single color EELS to confirm localization of PKMζ at the postsynaptic membrane is a first 

step towards examining nanoscale changes in cellular regions that are electron dense or 

difficult to visualize by cTEM. Two color EM is particularly applicable to neurobiology, as 

synapses are essential structures in learning processes and subsynaptic changes during 
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these processes have yet to be fully understood. It will be interesting to see how this 

novel method is used to address questions of how the brain changes with experience. 

 

Future Directions  

Our preliminary results indicate that EELS detection of Ln3+ (Ce and Pr) 

conjugated DABs is an excellent novel method for localizing more than one molecule of 

interest within a single sample at EM resolution. To improve this method further, the lab 

is working towards several new strategies. One major area of interest is identifying 

additional Ln3+ elements that can be successfully conjugated to DAB and polymerized in 

response to photosensitizers. This would enable detection of more than two signals, and 

thus more than two molecules of interest, within a single sample for EM. Another 

strategy is designing new structures for DAB that can chelate more than one Ln3+ per 

molecule to improve detection by EELS. Finally, if it is possible to identify new 

genetically encoded and small molecule photosensitizers that can be multiplexed with 

the reporters that currently can be used, this would increase the number of possibilities 

for imaging multiple molecules of interest at the EM level. 

 The neurobiology of memory is an exciting area of biological research that can 

benefit from multicolor EM. The successful use of Ce-DAB and Pr-DAB to image 

endocytosis of peptides can easily be extended to use in neurons grown in culture to 

examine structural changes at synapses upon stimulation. One interesting question is 

how structural changes at dendritic spines that form mature synapses upon stimulation 

correlate with structural changes in the specialized ECM called the PNN. Multicolor EM 

would be the best method to address this question as well as examine the relationship of 

glia with these strengthened synapses.  
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 We hope that multicolor EM can also be used to better understand the structure 

and distribution of the PNN, a structure that may be a substrate for very long-term 

memory. Antibodies, plant-based lectins, binding proteins, and genetically encoded 

reporters can all now be used to label the PNN in brain tissue, however research on 

PNN distribution has been limited thus far. Studies primarily relying on the lectin Wisteria 

floribunda agglutinin (WFA) reveal net-like structures that are heavy around a subset of 

neurons. Interestingly, the composition of PNNs can vary drastically from one region of 

the brain to another. Examining the distribution of different PNN components at the EM 

level using multicolor EELS imaging, may help better understand PNN composition and 

how this affects changes at individual synapses. Overall, multicolor EM is a technique 

that can be of enormous value to neurobiology   

  

Methods 

Reagents 

The TS:YSOG3-PKMζ reporter was previously prepared by standard molecular 

biology techniques [36]. The plasmid containing a miniSOG fusion to Rab5a was 

obtained from Michael Davidson (Florida State University). BILN-2061 was synthesized 

by a contract synthesis company (ACME). Forskolin, rolipram, and glycine were used for 

stimulation (50 μM, 0.1 μM, and 200 μM, respectively; Sigma-Aldrich). AC-NH-(D-Arg)9-

D-Cys-CONH2 (abbreviated CPP or R9) 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 
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HeLa cells were acquired (ATCC) and cultured in DMEM media supplemented 

with FBS (Gibco). Cortical neurons were dissociated by papain from postnatal day 2 (P2) 

Sprague Dawley rats of either sex, transfected by Amaxa electroporation (Lonza), then 

plated on poly(D-lysine) coated MatTek glass-bottom dishes (MatTek Corporation) and 

cultured in Neurobasal A medium with B27 supplement, 2 mM GlutaMAX, 20 U/mL 

penicillin, and 50 μg/mL streptomycin as previously described [14]. All neuron 

experiments were performed in cultured neurons matured to between 12 and 16 days in 

vitro (DIV). All animal procedures were approved by the Institutional Animal Care and 

Use Committee of the University of California, San Diego. 

 

Chemical LTP 

All cell culture reagents were obtained from Life Technologies unless otherwise 

indicated. Neurons were stimulated as previously described [59, 64]. Briefly, cultured 

neurons were incubated for 20 min at room temperature in ACSF (in mM): 125 NaCl, 2.5 

KCl, 1 MgCl2, 2 CaCl2, 22 D-glucose, and 25 HEPES (pH 7.3), then incubated in ACSF 

lacking MgCl2 and containing 50 μM forskolin and 0.1 μM rolipram for 10 min. Neurons 

were rinsed in ACSF, then replaced in their original culture medium to which 1 μM BILN 

had been added. 

 

Photooxidation and preparation for EM 

Transfected cells were fixed for 60 min using 2% glutaraldehyde (Electron 

Microscopy Sciences) in buffer (100 mM sodium cacodylate, pH 7.4) warmed to 37 °C. 

Neurons were transferred to ice and kept at 4°C for all subsequent steps until resin 

infiltration. Cells were rinsed 5 x 2 min in chilled buffer, then treated for 30 min in buffer 

containing 0.1% glycine (w/v) in buffer followed by 5 x 2 min rinses with buffer. Cells 
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were treated with freshly prepared Ce-DAB and photo-oxidized until the sample was 

slightly brown in color. Samples were then rinsed 3 x 5 min in chilled distilled water and 

dehydrated in a cold graded ethanol series (20%, 50%, 70%, 90%, 100%, 100% for 3 

min each, followed by a final rinse in anhydrous ethanol at room temperature. Samples 

were infiltrated in Durcupan AM resin (Electron Microscopy Sciences) using 1:1 (v/v) 

anhydrous ethanol and resin for 1 h, then 100 % resin 3 x 1 h, then into fresh resin and 

polymerized in a vacuum oven at 60 °C for 48h. 

 

EM and EELS 

Embedded culture cells that were photo-oxidized were identified by light 

microscopy.  The coverslip on the MatTek dish was removed and the region of interest 

was cut out using a jeweler's saw and glued to a dummy block. Ultrathin sections from 

80-150 nm sections were cut by a diamond knife (Diatome) using a Leica Ultracut UCT 

ultramicrotome. Sections were picked up with gilder 50 mesh copper grids (Ted Pella).  

The sections were glow-discharged (Cressington 208), 20 nm colloid gold particles (BBI 

Solutions) were added, and the sections were carbon coated (Cressington 208) on both 

sides of the sections.     

Electron microscopy was performed with a JEOL JEM-3200EF transmission electron 

microscope operating at 300 KV, equipped with an in-column Omega filter. The images 

were collected using a condenser, objective and entrance aperture of size 120 μm, 15 

μm and 120 μm respectively. Additionally, a selective area aperture of size 50 μm was 

used for acquisition of electron energy-loss spectra. The core-loss elemental map for 

cerium was obtained at its M4,5 edge, the onset of which occurs at 883 eV [83]. The 

energy filtered transmission electron microscope (EFTEM) images were obtained for an 

energy width of 40 eV. The elemental maps were constructed using the three-window 
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method [84] with two pre-edge EFTEM images used to calculate and extrapolate the 

background signal, which is subsequently subtracted from the post-edge EFTEM image 

acquired at the elemental edge. The two pre-edge EFTEM images were obtained at the 

energy-loss region, of 789 – 829 eV and 834 – 874 eV, respectively.  The post-edge 

EFTEM image was obtained at an energy loss of 883 – 923 eV.  

All of the images were acquired using a DE-12 camera, which is a direct detection 

device (DDD) from Direct Electron LP. (San Diego, CA). The DE-12 detector has a high 

modulation transfer function (MTF) and therefore, provides better spatial resolution and 

image detail than the conventional charge couple device (CCD) based detectors [85]. To 

get reasonable signal-to-noise (SNR) in core-loss EFTEM images, exposures exceeding 

several minutes is generally required. Specimen drift during such long exposures often 

deteriorates the image quality, an efficient alternative is to obtain series of short 

exposure images, and use drift correction to subsequently align and merge these 

individual images to form a single image [86-90]. For the pre and post-edge image, a 

series of 15 sub-images were collected at a magnification of 6000x (0.9 nm/pixel), each 

at 20 sec exposure. The total acquisition time for the 2 pre-edge and the post-edge was 

15 min. The 20 nm gold nanoparticles dispersed on the sample was used to align sub-

images for any specimen drift, and then summed to form a single image. The elemental 

map was computed from the pre and post-edge images by using the Digital Micrograph 

software (Gatan, Inc.), is described in a recent paper [90]. Before the acquisition of 

elemental maps, the region of interest was pre-irradiated with a low beam dose of ~ 3.5 

x 104 e-/nm2 for about 15 min to stabilize the sample and to reduce contamination [91]. 

The dose on the sample during the acquisition of the elemental map was ~ 1.1 x 106 e-

/nm2.   
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Chapter 2, in part, is in preparation for submission for publication. The 

dissertation author was the primary investigator and author of this material. Stephen 

Adams assisted with reagent preparation and the study design. Mason Mackey and 

Ranjan Ramachandra assisted with electron microscopy. Roger Tsien and Mark 

Ellisman supervised the project and provided advice.  
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CHAPTER 3 

 

Imaging the structure and distribution of molecules in the perineuronal net 

 

Abstract 

Perineuronal nets (PNNs) are extracellular structures that closely surround 

neurons in the central nervous system (CNS) and are locally modified when a synapse is 

strengthened. PNNs have an important role in memory; artificial disruption of PNN 

structure can both erase established memories and re-open a window of increased brain 

plasticity. Till now, there has been some effort towards identifying and characterizing 

individual CSPGs within the PNN, as well as the enzymes that are produced to locally 

erode the PNN at strengthening synapses. Despite these efforts, we still have little 

knowledge of how and when the PNN undergoes structural changes around synapses. 

We are currently utilizing several methods to characterize the structure and distribution 

of PNNs in the brain, and these attempts are described here. Plant-derived lectins are 

traditionally used as PNN markers and heavily label a subset of neurons that contain 

highly glycosylated proteoglycans, however here we show that all neurons in the CNS 

possess a coat of hyaluronic acid, indicating that some sort of PNN is present around all 

neurons. This is consistent with how CSPGs are differentially glycosylated and 

differentially distributed throughout the brain. Our findings provide a better 

characterization of PNN and understanding of how the structure could potentially play a 

role in long-term memory.  

 

Introduction 
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Neuronal long-term synaptic plasticity requires both intra- and extracellular 

changes that contribute to memory persistence in the brain over time. A specialized 

extracellular matrix called the perineuronal net (PNN) enwraps neurons in the CNS and 

is locally degraded at strengthened synapses, a process important for both synapse 

stability and memory. The PNN is composed of chondroitin sulfate proteoglycans 

(CSPGs) modified with glycosaminoglycan (GAG) chains, hyaluronan and proteoglycan 

link proteins (HAPLNs), and Tenascin R, all organized around hyaluronic acid (HA) 

anchored to the plasma membrane by transmembrane hyaluronan synthases (Figure 

3.1A) [21, 92].  
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Figure 3.1. Perineuronal net composition and methods for labeling the structure. A, Schematic of 
perineuronal net structure and molecular composition, including proteins and carbohydrates. B, 
WFA labeling (green) binds specifically to GAGs attached to CSPGs (light gray). C, Antibodies 
can bind to epitopes within CSPG core proteins (red). D, HABP binds specifically to HA chains. E, 
Pseudocolor image shows that neurons co-cultured with glia produce PNNs.  
 

During the late phase of long-term potentiation (LTP), proteases including matrix 

metalloproteinases (MMPs) and A disintegrin metalloproteinases (ADAMTSs) are 

secreted into the synaptic cleft, cleaving CSPGs [93] and creating space for the synapse 

to stabilize as new proteins are produced. This extracellular structural change remains 

stable despite the natural turnover of intracellular proteins, suggesting that it may 

contribute to preserving encoded information over time. 

A 

WFA GFAP B 

C 

D 

E 



	

	
 

66 

The significance of these extracellular changes remain elusive, partly because of 

limitations in visualizing PNN structure, distribution, and dynamics. We know that 

CSPGs and HAPLNs are deposited around neurons from birth until critical period 

closure [94] at which point they crosslink to form a net-like structure with openings at 

synapses. Chemically, negative charges on CSPGs influence local ion and growth factor 

concentrations in the extracellular space. Motifs exposed upon CSPG core protein 

cleavage can also influence cell signaling [95]. As a whole, the assembled PNN 

structure in adult animals restricts excessive synapse growth and remodeling, indicating 

that the PNN is important in controlling plasticity. Recent studies using the bacterial 

enzyme ChABC to disrupt the PNN in living animals have suggested that the PNN 

structure may also be essential for preserving long-term memories [96, 97]. 

PNN imaging primarily relied on plant-derived lectins that bind to specific sugar 

linkages on CSPGs; the lectin Wisteria floribunda agglutinin (WFA) labels n-

acetylgalactosamine linkages in GAGs attached to CSPGs (Figure 3.1B) [98] and 

reveals a thick, punctuated structure around a subset of neurons in the adult brain [99, 

100]. Interestingly, CSPGs can be differentially glycosylated and PNNs around different 

neurons incorporate different CSPGs [21, 101], which implies that lectin labeling may not 

represent all PNNs. To explore the possibility that PNNs are more widespread than 

those labeled with WFA, we additionally examined PNN structure and distribution using 

antibodies (Figure 3.1C) and a HA-binding protein (Figure 3.1D). It is important to note 

that all experiments in culture were performed on neurons that are co-cultured with glia, 

which we confirmed by immunolabeling for glial fibrillary acidic protein (GFAP) as a 

marker for glia. This is important because glia are known to synthesize and secrete 

several PNN components. These reagents were all tested first in cultured neurons to 

confirm their ability to label PNNs, and then used in brain slices from adult mice to 
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investigate the structure and the distribution of labeled molecules in different areas of the 

brain. 

 

Results 

Testing PNN labeling methods in cultured neurons 

A previous study demonstrated that perineuronal nets form around mature 

cultured cortical neurons [102], so we used cultured neurons as a model for testing 

methods of labeling PNN molecules. To label different components, we used WFA for 

GAG chains, a hyaluronic acid binding protein (HABP) for HA, and an antibody against 

aggrecan (Figure 3.2A-C, first two columns). Many other antibodies against PNN 

components including CSPGs and link proteins are commercially available, however 

generating antibodies against modified proteins is challenging and labeling sometimes 

requires GAG chains to be stripped from the protein epitope prior to antibody binding. 

While these antibodies work on deglycosylated proteins in a lysed tissue sample, they 

do not work well on epitopes in tissue sections. Here, experiments were performed using 

reagents that did not require extensive post-fixation processing that could potentially 

disrupt PNN structure. 

We found that each label revealed a similar extracellular coating around neuronal 

soma that extended along processes as well. This coating was excluded from PSD95-

positive puncta (Figure 3.2A-C, last two columns), signifying that the extracellular “holes” 

in the PNN were filled by mature synapses. Cortical neurons in culture are a 

heterogeneous population, and we noticed that only a fraction of neurons appear 

positive for aggrecan and WFA, while in contrast, all neurons in culture are coated in a 

layer of HA. Because HA is a component of all PNNs, this suggested that WFA and 

aggrecan antibody were only labeling a small population of all the neurons that possess 
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a PNN coat. The large variability in PNN components may mean that a single reagent 

may only ever reveal a subset of neurons, not the whole population of those with PNNs. 

 

Figure 3.2. WFA. Aggrecan, and HA labeling all indicate an extracellular structure surrounding 
neurons. A, Cultured neuron labeled with WFA and co-stained for PSD95. B, Cultured neuron 
labeled with anti-aggrecan antibody and co-stained for PSD95. C, Cultured neuron labeled with 
HABP and co-stained for PSD95. Scale bars, 20 um.  
 

Examining WFA and aggrecan labeling distribution in brain slices 

Previous studies reported that WFA positive PNNs are associated with those 

containing aggrecan. This is likely because aggrecan is the most heavily GAG-modified 

CSPG [103]. WFA labeling is relatively sparse in the cortex; only a subset of neurons are 

heavily labeled with WFA (Figure 3.3A) and this is more readily apparent in cortical brain 

tissue when neurons and nuclei are also labeled (Figure 3.3B). Using WFA to label 

PNNs in adult brain slices, we found that WFA labels a subset of neurons in the cortex 
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that appear more frequently in cortical layers IV and VI, but had little to no labeling in 

cerebellar folia and sporadic labeling in most of the hippocampus (Figure 3.4A). This 

distribution is consistent with other studies examining different populations of WFA-

positive neurons [104]. Aggrecan similarly surrounds a subset of neurons in cortical 

layers IV and VI, but also coats Purkinje neurons in the cerebellum as well as a more 

extensive subset of neurons in the hippocampus than those labeled with WFA (Figure 

3.4B). Pseudocolor images (Figure 3.4C) show some overlap between neurons positive 

for aggrecan and WFA in the cortex, but little to no similarities in the cerebellum and 

hippocampus. This indicates that both WFA and aggrecan label a small population of 

neurons throughout the brain and that these subsets overlap, but are not identical, 

suggesting that PNNs may be more heterogeneous and broadly distributed than 

previously thought. 
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Figure 3.3. WFA surrounds only a subset of neurons in the adult rodent brain. A, WFA heavily 
labels a extracellular, punctuated structure around a small subset of neurons in adult mouse 
cortex, not all neurons. B, WFA labeling within a slice of adult mouse cortex (pseudocolored 
green), along with nuclei (DAPI, pseudocolored blue) and a pan-neuronal marker (pseudocolored 
red).  
 

Visualizing HA distribution in brain slices 

Given that all PNNs are organized around a matrix of HA chains regardless of 

which CSPGs they incorporate, we predicted that HA would be a broader marker of 

PNNs around neurons. The hippocampus contains more versican and brevican than 

aggrecan [101], which are less glycosylated and would be minimally labeled with WFA. 

Brain slices were labeled with biotinylated HABP and streptavidin-conjugated Alexa 

Fluor 488, and different regions were imaged to examine the structure and distribution of 

HA around neurons. We found that the cortex, hippocampus, and cerebellum contain 

extracellular HA tightly coating both neuronal soma and processes (Figure 3.5A), similar 

to both the structure seen in culture with HABP and in brain slice with WFA. When HABP 
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is co-labeled with DAPI to mark nuclei and a pan-neuronal antibody to mark neuronal 

soma and processes, it becomes clear that HA lines the exterior surface of neurons in 

each brain region observed (Figure 3.5B). This indicates that PNNs exist in some form 

around the majority of neurons, regardless of whether they are positive for WFA or other 

selective PNN markers, because the composition may be heterogeneous and vary 

dramatically from one region of the brain to another.  
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Figure 3.4. WFA and anti-aggrecan antibody label a similar, but not identical, subset of neurons. 
A, Representative images of mouse cortex, cerebellum, and hippocampus labeled with WFA. B, 
Corresponding images of mouse cortex, cerebellum, and hippocampus labeled with anti-
aggrecan antibody. C, Pseudocolored corresponding images with WFA labeling in green and anti-
aggrecan antibody labeling in purple; WFA and aggrecan colocalize in some regions, but not all.  
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Figure 3.5. HA surrounds all neurons in the brain. A, HA labeled with HABP in different regions of 
adult mouse brain slices indicates that all neurons are surrounded by a PNN. B, Pseudocolor 
images with HA labeling in green, nuclei in blue, and neurons in red; images show that all 
neurons in these regions are surrounded by a HA-based coating.  
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The localization of PNN around synapses marked by PSD95 immunolabeling 

was relatively straightforward to image and identify in cultured neurons, therefore we 

attempted to examine PNN structure around synapses in brain slices using 

immunolabeling for PSD95 and Synapsin I. Brain slices labeled for WFA along with 

PSD95 showed puncta that somewhat appeared in gaps in WFA labeling (Figure 3.6A). 

A similar result was obtained with Synapsin I labeling (Figure 3.6B). The problem with 

these results was that the individual puncta corresponding to synapses were difficult to 

place in WFA “holes” in the context of the brain slice, which contained more background 

than cultured neuron samples, making it difficult to elucidate individual synaptic puncta. 

A better alternative would be to examine PNN structure in an animal that expresses a 

cytosolic or synapse-targeted fluorescent protein in neurons, which would highlight 

spines and synapses without the need for antibody-mediated labeling, or by EM, which 

would resolve individual synapses in the context of the PNN and cellular environment. 

Secondary antibody and streptavidin conjugates to Alexa Fluor dyes were confirmed to 

have no background labeling in brain tissue (Figure 3.8A-E) and we further confirmed 

that imaging methods used do not generate substantial autofluorescence in unlabeled 

tissue that would potentially interfere with interpretation of PNN labeling (Figure 3.9A-C). 
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Figure 3.6. Defining the relationship between synapses and PNN in the brain using LM. A, A 
section of adult mouse cortex, with nuclei labeled with DAPI, PNN labeled with WFA, and 
postsynaptic compartments labeled with PSD95. PSD95 appears in the gaps in WFA. B, 
Pseudocolor images with HA labeling in green, nuclei in blue, and neurons in red; images show 
that all neurons in these regions are surrounded by a HA-based coating.  
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Figure 3.7. Visualizing Aggrecan structure in EM. A, Region of mouse cortex post-HRP labeling 
with DAB; several neurons with dark extracellular labeling are visible. B, Region of mouse deep 
cerebellar nucleus post-HRP labeling with DAB; many neurons with dark extracellular labeling, 
particularly around the soma, are visible. C-D, Electron micrographs of aggrecan; dark flocculate 
PNN labeling is visible surrounding soma, dendrites, and synapses.  
 

As methods for labeling PNN are limited, we made a preliminary attempt at visualizing 

aggrecan localization in brain tissue using an antibody against aggrecan that was 

secondarily labeled with HRP. Brain tissue was first labeled with anti-aggrecan antibody 
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for 48 hours to permit the antibody to permeate into the tissue, then labeled with 

secondary HRP for 24 hours. Tissue slices were placed in DAB to which dilute peroxide 

was added, and the reaction product was visible by eye as well as by low magnification 

imaging (Figure 3.7A, B, cortex and deep cerebellar nucleus, respectively). Brain slices 

were then treated with OsO4 and prepared for sectioning. EM images from mouse cortex 

show dark extracellular labeling around neuronal soma and dendrites, absent at mature 

synapses that have presynaptic vesicles (Figure 3.7C, D, lower panels are magnified 

regions from the upper panels).  

Overall, there is still so much left to learn about the PNN; it will be interesting to 

see how this structure is involved in synapse stability and ultimately the processes that 

render a memory stable over long periods of time. 
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Figure 3.8. Negative controls for labeling methods used to image the PNN. A-E, Cryosections of 
mouse brain cortex labeled with DAPI and fluorophore-conjugated secondary labeling reagents, 
as listed in each section. DAPI labeling indicates tissue is in good condition and that individual 
nuclei are visible. 
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Figure 3.9. Negative controls for the illumination used to image brain slices. A-C, Cryosections of 
mouse brain cortex labeled with DAPI and imaged using excitation wavelengths of 488 nm, 567 
nm, and 647 nm.  
 

Discussion 

Long-term memory maintenance requires persistent changes at individual 

synapses in the brain. Given that the majority of intracellular proteins turn over rapidly 

[37], we reasoned that the much more stable PNN could play a crucial role in stabilizing 

synapses and thus function as a substrate for memory storage. Here, we demonstrated 

that while PNNs may contain different proteins and carbohydrates, the overall 

extracellular structure is ubiquitous throughout the brain and can be monitored in living 

cells and tissues by genetically encoded labeling of the link protein HAPLN1. These 

results provide a foundation for further investigation of the PNN in processes involved in 

memory. 
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The role of the PNN in synapse stabilization and memory is still poorly 

understood despite extensive study over the past century. Camillo Golgi and Ramon y 

Cajal used several reagents to label a pericellular structure around neurons, and 

speculated that the structure may be involved in insulating neurons [105]. Later studies 

described PNN composition and the development of new antibodies for CSPGs [106, 

107], which were used to investigate individual CSPGs, particularly in the context of glial 

scar formation [108]. More recently, use of ChABC to disrupt PNN structure by 

degrading GAGs suggest that the PNN may regulate experience-dependent synaptic 

plasticity, maintain long-term memories [96, 97, 109] and stabilize drug addiction [110]. 

Abnormal PNN is also correlated with abnormal memory; the PNN is disrupted in brain 

regions affected by Alzheimer’s disease and intact PNNs protect neurons when they are 

exposed to toxic β-amyloid [111, 112]. Brain tissue samples from schizophrenia and 

seizure patients show a reduction of PNNs in affected regions [113, 114]. These studies 

demonstrate that the PNN is essential to normal brain function and point to the 

possibility that the PNN is a substrate for long-term memory [76]. We aimed to 

characterize PNN structure, distribution, and identify a way to track changes in the 

structure that can be used to better understand how PNN changes play a role in the 

brain. 

It was previously difficult to characterize PNN structure and distribution because 

existing markers were specific to CSPG glycosylation and individual proteins. Imaging 

the HA scaffold as opposed to single PNN components revealed a broad PNN 

distribution in the adult rodent brain that are not necessarily labeled with lectins nor 

restricted to a specific neuronal subtype. For as long as the PNN was thought to be 

primarily around parvalbumin-rich inhibitory neurons in the cortex [24], it was hard to 

imagine a wider role in synaptic plasticity, let alone memory. The brain-wide distribution 
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of HA-anchored PNN that we find is consistent with the idea that information is stored 

throughout the brain.   

Our memories can be preserved in our brains for up to a lifetime. Because PNN 

proteins remain stable once deposited and are modified only when a synapse is 

strengthened, we hypothesize that they may be a better substrate for these processes 

than shorter-lived intracellular proteins and aimed to investigate PNN structure and 

dynamics in living tissue [37]. A number of synaptic proteins have been implicated in 

memory maintenance, including PKMζ, CPEB, CaMKII, and Arc/Arg2.1, but these 

proteins have only been examined in relatively short-term memory models and turn over 

on the time scale of hours to days [15, 17, 36, 115]. Intracellular proteins are also 

susceptible to cellular or brain-wide disruptions that do not necessarily affect memory, 

including seizure, barbiturate overdose, or metabolic stress, suggesting that they are 

unreliable substrates for long-term information storage. Extracellular proteins remain 

sequestered away from intracellular ubiquitin and enzyme-mediated degradation, and in 

contrast are thought to be less susceptible to disruption.  

 

Methods 

Reagents 

Primary antibodies used were mouse monoclonal anti-PSD95 (Pierce, Rockford, 

IL), rabbit polyclonal anti-Aggrecan (Millipore, Darmstadt, Germany), rabbit polyclonal 

anti-Synapsin I (Millipore), mouse monoclonal anti-GFAP (Sigma-Aldrich, St. Louis, MO), 

rabbit polyclonal anti-HAPLN1 (GeneTex, Irvine, CA). For immunoblotting, primary 

antibodies were used at 0.1-0.4 μg/mL. HRP-conjugated mouse secondary antibody 

(Cell Signaling, Danvers, MA) and HRP-conjugated rabbit secondary antibody (BioRad, 

Irvine, CA) were used at 0.4 μg/mL. For immunofluorescence, primary antibodies were 
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used at 0.5-1 μg/mL. Alexa Fluor 568-conjugated mouse secondary antibody and Alexa 

Fluor 647-conjugated goat secondary antibody (Life Technologies, Carlsbad, CA) were 

used at 0.5 μg/mL. Streptavidin Alexa Fluor 488, Streptavidin Alexa Fluor 647, and 

unlabeled Streptavidin (Life Technologies) were used at 2 μg/mL. Fluorescein-

conjugated Wisteria floribunda agglutinin and Vicia villosa agglutinin (Vector Labs, 

Burlingame, CA) were used at 10 μg/mL. Biotinylated hyaluronic acid binding protein 

(Millipore) was used at 10 μg/mL.  

 

Cell culture 

All cell culture reagents were obtained from Life Technologies unless otherwise 

indicated. Cortical neurons were dissociated by papain from postnatal day 2 (P2) 

Sprague Dawley rats of either sex, transfected by Amaxa electroporation (Lonza, Basel, 

Switzerland), then plated on poly(D-lysine)-coated MatTek glass-bottom dishes (MatTek 

Corporation, Ashland, MA) and cultured in Neurobasal A medium with B27 supplement, 

2 mM GlutaMAX, 20 U/mL penicillin, and 50 μg/mL streptomycin as previously described 

[14]. All neuron experiments described were performed in cultured neurons matured to 

between 14 and 18 DIV unless otherwise specified. All animal procedures were 

approved by the Institutional Animal Care and Use Committee of the University of 

California, San Diego.  

 

Immunofluorescence in cultured cells 

Neurons were fixed by addition of one culture volume of 4% paraformaldehyde 

and 4% sucrose for 10 minutes at room temperature (RT), then washed with phosphate-

buffered saline (PBS), blocked in PBS with 5% non-immune goat serum (Sigma), and 

probed for PSD95 according to standard procedures. Specificity of secondary antibodies 
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was confirmed in control samples without primary antibody. Images were obtained on an 

Olympus FluoView 1000 Confocal Laser Scanning Microscope (LSM) 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 into a maximum intensity 

projection. Analysis was performed on an Apple Macintosh notebook using the National 

Institutes of Health ImageJ Program. Immunofluorescence images of related conditions 

were matched for laser power, gain, and offset.   

 

Immunohistochemistry 

Male FVB mice aged 6 months were anesthetized by intraperitoneal 

administration of Ketamine (100 mg/kg; Ketaset, Pfizer, New York, NY) supplemented 

with Midazolam (100 mg/kg; Midazolam, Akorn, Lake Forest, IL) and transcardially 

perfused first with 50 mL of 1x Dulbecco’s Phosphate Buffered Saline (DPBS) buffer and 

then 100 mL of 4% PFA in DPBS. The brain was dissected and post-fixed for 1 h at 4C, 

then cryoprotected in DBPS buffer containing 30% sucrose overnight. Brain tissue was 

embedded in O.C.T. (TissueTek, Radnor, PA) then cut on a cryostat into 10 μm-thick 

sagittal sections and mounted onto glass slides. Primary antibodies were incubated 

overnight at RT in PBS containing 0.1% BSA, 0.1% fish gelatin (Sigma, Cat #), and 0.1% 

Triton X-100. Sections were then incubated with secondary antibody for 2 h at RT. After 

washing with PBS, samples were mounted in VectaShield Mounting Medium with DAPI 

(VectorLabs, Burlingame, CA) and imaged on an Olympus FluoView 1000 Confocal 

Laser Scanning Microscope (LSM) using a 40x oil immersion lens. Images were taken at 

1024 x 1024 resolution. 

 

Photo-oxidation and preparation for EM 
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Transfected neurons were fixed for 60 min using 2% glutaraldehyde (Electron 

Microscopy Sciences) in buffer (100 mM sodium cacodylate, pH 7.4) warmed to 37 °C. 

Neurons were transferred to ice and kept at 4°C for all subsequent steps until resin 

infiltration. Cells were rinsed 5 x 2 min in chilled buffer, then treated for 30 min in buffer 

containing 0.1% glycine (w/v) in buffer followed by 5 x 2 min rinses with buffer. Cells 

were treated with freshly prepared Ce-DAB and photo-oxidized until the sample was 

slightly brown in color. Samples were then rinsed 3 x 5 min in chilled distilled water and 

dehydrated in a cold graded ethanol series (20%, 50%, 70%, 90%, 100%, 100% for 3 

min each, followed by a final rinse in anhydrous ethanol at room temperature. Samples 

were infiltrated in Durcupan AM resin (Electron Microscopy Sciences) using 1:1 (v/v) 

anhydrous ethanol and resin for 1 h, then 100 % resin 3 x 1 h, then into fresh resin and 

polymerized in a vacuum oven at 60 °C for 48h. 

 

EM 

Embedded culture cells that were photo-oxidized were identified by light 

microscopy.  The coverslip on the MatTek dish was removed and the region of interest 

was cut out using a jeweler's saw and glued to a dummy block. Ultrathin sections from 

80-150 nm sections were cut by a diamond knife (Diatome) using a Leica Ultracut UCT 

ultramicrotome. Sections were picked up with gilder 50 mesh copper grids (Ted Pella).  

The sections were glow-discharged (Cressington 208), 20 nm colloid gold particles (BBI 

Solutions) were added, and the sections were carbon coated (Cressington 208) on both 

sides of the sections. EM imaging was performed with an FEI spirit transmission electron 

microscope operating at 120 kV with a 2000 x 2000 Gatan CCD camera.  
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Chapter 3, in part, is in preparation for submission for publication. The 

dissertation author was the primary investigator and author of this material. Varda Lev-

Ram, Hiro Hakozaki, and Eric Bushong assisted with immunocytochemistry, 

immunohistochemistry, and microscopy. Roger Tsien and Mark Ellisman supervised the 

project and provided advice.  
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CHAPTER 4 

 

Monitoring PNN in living tissues by genetically encoded labeling of HAPLN1 

 

Abstract 

While understanding PNN structure and distribution are important, to truly 

investigate the role of PNN in long-term memory processes it was necessary to have a 

method for monitoring PNN structure in living tissues. Identification of a target for 

genetically encoded labeling was the best possibility for tracking PNN dynamics in 

response to stimulation in vitro and in vivo. A strategy for genetically encoded labeling of 

hyaluronan and proteoglycan link protein 1 (HAPLN1) that labels the PNN both in vitro 

and in vivo is reported here, in which the C terminus of HAPLN1 was fused directly to 

the FP Venus. HAPLN1-Venus structure was examined around neurons and synapses, 

and the dynamics were examined in response to BDNF stimulation in cultured neurons. 

A HAPLN1-Venus plasmid was introduced into a living animal brain via intra-uterine 

electroporation, and it was found that the fusion protein was produced and integrated 

into PNNs in vivo. Finally, a HAPLN1-Venus knock-in mouse was generated in order to 

have a model system in which a fluorescent reporter is inserted into the genetic locus of 

HAPLN1 instead of simple overexpression of the fusion protein. This new mouse model 

will enable significant further experimentation on PNN dynamics, and ultimately help to 

better understand the role of the PNN in very long-term memory.  

 

Introduction 

 Previous studies report on PNN composition, structure, and characteristics of 

individual CSPGs, however the lack of a method for monitoring PNN structure as a 
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whole in living tissues prevented PNN dynamics from being carefully investigated in a 

longitudinal manner. There are a variety of molecules within the PNN, including CSPGs, 

Tenascin R, link proteins, and metalloproteinases [116]. Exogenously added labels, 

while informative, only report on the condition of a sample at a fixed point in time. A 

labeling method for living tissues, for example a genetically encoded label expressed 

and integrated into the PNN, would be an enormous advantage for understanding the 

function of the PNN in normal memory processes. 

Since the primary method for labeling PNNs around neurons to this point has 

been plant-derived lectins like WFA, early attempts at in vivo PNN labeling relied on 

direct injection of WFA into living animals and then imaging of brain tissue sections after 

sacrificing the animal [117]. The drawback of such a method is that the labeling reagent 

does not diffuse far from the site of injection, restricting the area that can potentially be 

imaged. In addition, even though labeling is performed in the living animal, all imaging 

would need to be done in brain tissue after the animal is sacrificed, so imaging these 

samples still reports on a single point in time. Thus, introduction of exogenous labeling 

reagents into a live animal has limitations for monitoring PNN dynamics while an animal 

or a tissue sample is still alive.  

Fusion of fluorescent reporters to protein components in the PNN was the most 

straightforward strategy for genetically encoding an extracellular reporter for live-tissue 

imaging. CSPGs are the most well-studied protein component of the PNN, however they 

are challenging to fuse to genetically encoded labels for several reasons. CSPGs 

undergo extensive posttranslational modifications, in some cases at termini, meaning 

that they cannot tolerate direct fusion via the N and C termini. In addition, CSPGs are 

unevenly distributed throughout the brain, so that a fusion to a specific CSPG would 

appear only around those neurons that express them. The small HAPLN proteins 
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appeared to be a less troublesome alternative; they link CSPGs to HA in the PNN via 

loop domains in their secondary structures, potentially meaning that the N and C termini 

may be amenable to fusion [29].  

There are four known link proteins, HAPLN1-4 [29], however HAPLN3 has little to 

no expression in brain tissue and is thus not a major constituent of PNNs. HAPLN1 is 

the best characterized link protein in animals, and is upregulated during critical period 

closure to connect CSPGs together with HA and form the cross-linked meshwork of 

mature PNN [21]. It is the only link protein that is present in all PNNs, and is known to be 

essential for proper PNN structure based on studies using a mouse HAPLN1 knock-out 

model [94, 118]. Adult HAPLN1 knock-out mice have abnormal PNNs, and interestingly, 

these animals also have deficits in long-term memory but not short-term memory [118, 

119]. HAPLN1 expression is necessary to stabilize PNNs, and interestingly, the HAPLN1 

protein is downregulated by dark rearing [94, 118, 120]. In the visual cortex, it is 

downregulated specifically in PV-positive cells [114]. This suggests that the animal brain 

responds to lack of activity by prolonging the critical period, and that HAPLN1 is one of 

the molecules modulated in this process. Several studies have examined HAPLN1 in 

cartilage and cancer ; in some cases, HAPLN1 is upregulated in certain kinds of cancers, 

however the focus on examining HAPLN1 in the literature has been in brain tissue.  

These studies collectively suggest that HAPLN1 not only plays an important role 

in PNN organization throughout the brain, it also has an important functional role in 

normal memory stabilization. Together these results indicated that HAPLN1 could be a 

good target for genetically encoded labeling of the PNN. 

 

Results 

Testing HAPLN fusions to the fluorescent protein Venus 
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To first determine whether the whole HAPLN family of proteins could be good 

candidates for fusions to genetically encoded reporters, HAPLN1, HAPLN2, and 

HAPLN4 were fused to the FP Venus [121] and expressed by transient transfection in 

HEK293 cells (Figure 4.1A, all three panels). Each of the three constructs were 

expressed, as indicated by intracellular Venus fluorescence, however HAPLN1 showed 

faint extracellular fluorescence around cell membranes as well. Each fusion construct 

was then expressed in primary cultured neurons via Amaxa electroporation (Figure 4.1B, 

all three panels). Similar to expression in HEK293 cells, HAPLN2 and HAPLN4 fusions 

remain restricted to the cytosol, suggesting that the fusion to Venus interfered with their 

secretion. HAPLN1-Venus however was obviously produced, secreted, and showed 

fluorescence extracellularly around the cells , with confocal imaging revealing that the 

fusion protein was tightly wrapped around neuronal soma and processes (Figure 4.1B, 

first panel). While these three link proteins are very similar in structure and have minor 

differences in their amino acid sequences, these differences may affect the property of 

the protein overall. HAPLN2 and HAPLN4 fusion to Venus appeared to interfere with 

fusion protein secretion from the cytosol into the extracellular space, while HAPLN1 

fusion to Venus did not.  
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Figure 4.1. Expression of link protein fusions to Venus in HEK293 cells and cultured neurons. A, 
HEK293 cells transfected with a plasmid encoding each fusion construct; fluorescence within the 
cells indicates that the fusion protein was expressed. B, Cultured neurons transfected with a 
plasmid encoding each fusion construct; HAPLN1-Venus was expressed, secreted, and appeared 
to localize to the PNN. The majority of HAPLN2-Venus and the entirety of HAPLN4-Venus 
remained intracellular. Scale bars, 20 um.  
 

Imaging HAPLN1-Venus in cultured neurons 

To determine whether HAPLN1-Venus could be used as a marker for PNN in 

living cells, the production of HAPLN1-Venus was monitored longitudinally in transfected 

primary cultured neurons. By DIV7, the fusion protein is clearly secreted and integrated 

extracellularly around the neuron (Figure 4.2A, three panels across).  This coating 

appears to be deposited more uniformly in mature DIV16 neurons (Figure 4.3B, three 

panels across). At lower magnification in a particularly densely plated region of the 

sample, it is apparent that HAPLN1-Venus surrounds neurons and fills the little space 

available between the soma and dendrites of many neurons packed together (Figure 

4.2C, three panels across). While it is important to remember that HAPLN1-Venus was 

expressed via plasmid transfection and as a result was overexpressed, we confirmed 

that the level of HAPLN1-Venus overexpression was not drastic. This was done by 
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western blot on lysates from cultured neurons, using GAPDH as a loading control 

(Figure 4.2D). Finally, we showed that the fusion protein was secreted into the culture 

medium by transplanting conditioned media from HAPLN1-Venus-expressing neurons 

into a dish of untransfected neurons, from which we found that the PNN of untransfected 

neurons was able to bind free HAPLN1-Venus from the media (Figure 4.2E, F).  
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Figure 4.2. HAPLN1-Venus is expressed, secreted, and integrated extracellularly around 
neurons. A, Cultured neuron expressing HAPLN1-Venus at DIV7. B-C, Cultured neurons 
expressing HAPLN1-Venus at DIV16. D, Western blot indicating that the level of HAPLN1-Venus 
fusion protein at 66 kDa is below the level of endogenous HAPLN1 at 39 kDa; T: transfected; U: 
untransfected. E, Schematic describing experiment in which conditioned media from HAPLN1-
Venus-expressing neurons was transferred to untransfected neurons. F, Secreted HAPLN1-
Venus fusion protein from conditioned media integrates extracellularly around untransfected 
neurons. All scale bars, 20 μm. 
 

Demonstrating that HAPLN1-Venus is integrated into the PNN 

Next, to confirm that this fusion protein is integrated into PNNs assembled 
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enzyme that degrades HA. Structural changes were monitored over time using live-cell 

microscopy (Figure 2A). We found that HAPLN1-Venus was diminished around neurons 

over a 10 h period after hyaluronidase treatment, indicating that the enzyme treatment 

affected the ability of PNNs to bind HAPLN1-Venus. This means that the fusion protein 

was integrated into PNNs in an HA-dependent manner. To confirm this result, we 

additionally confirmed that Venus time-lapse imaging does not cause significant 

bleaching that could be misinterpreted as protein dissociation or degradation (Figure 

4.8A, B). To demonstrate that PNNs surround cells and are excluded from mature 

synapses, we labeled HAPLN1-Venus expressing neurons with an antibody against 

PSD95 and found that HAPLN1-Venus is locally absent at PSD95 puncta, indicating that 

there are holes in the structure at synapses and confirming that incorporation of the 

fusion protein did not alter PNN changes during plasticity. Finally, it was confirmed that 

hyaluronidase affected HA but not HAPLN1-Venus labeling after 30 minutes (Figure 

4.9A), and ChABC did not significantly disrupt PNN structure (Figure 4.9B). Thus, the 

HAPLN1-Venus fusion is an effective tool for monitoring PNN dynamics in cell culture. 
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Figure 4.3. HAPLN1-Venus expression allows live-cell tracking of PNN dynamics. A, HAPLN1-
Venus expressing neurons treated with hyaluronidase, which disrupted HAPLN1-Venus 
localization around neurons over 10 h. B, BDNF treatment of HAPLN1-Venus-expressing 
neurons resulted in localized holes formed in PNN structure. C, HAPLN1-Venus is excluded from 
synapses labeled with an antibody to PSD95. D, Cultured neurons co-transfected with HAPLN1-
Venus and cytosolic tdTomato, treated with BDNF, and imaged for 6 hours post-stimulation 
display new spine growth correlated with HAPLN1-Venus loss.  
 

To examine whether PNN labeled with HAPLN1-Venus is modified upon new 

spine formation, we conducted live imaging of cultured neurons expressing HAPLN1-

Venus after stimulation with BDNF. BDNF stimulation is known to induce new spine 
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growth in culture [122]. We first examined the effect of BDNF stimulation on neurons 

expressing HAPLN1-Venus in culture, and found that small holes appeared within 

HAPLN1-Venus several hours after stimulation (Figure 4.3C). These holes could 

potentially be due to new spine growth and formation of mature synapses, but this was 

unclear from examining HAPLN1-Venus changes alone. We then hypothesized that new 

spine growth could be monitored using an intracellular FP simultaneously with HAPLN1-

Venus after BDNF stimulation over time. Cultured neurons were transfected with 

plasmids encoding HAPLN1-Venus and tdTomato and matured to between DIV11-15. 

Samples were first imaged at a basal state, then stimulated by addition of BDNF into 

culture medium and confocal image z stacks were acquired once per hour for the 

following several hours. Single slice images were identified from each stack that 

corresponded to the same plane of focus (Figure 4.3D). In some cases, there appeared 

to be HAPLN1-Venus erosion at the site of new spine growth, suggesting that the PNN 

is eroded when a new spine is formed. Further experiments will need to confirm that new 

spines do in fact grow following stimulation and that PNN is eroded in a three-

dimensional manner.  

 The stability of HAPLN1-Venus was then examined using a simple version of the 

TimeSTAMP reporter, TS:YFP. We fused HAPLN1 via its C terminus to a simple version 

of TimeSTAMP reporter previously developed to monitor new and old copies of protein 

by YFP (Venus) fluorescence [14]. This reporter is smaller and less complex than the 

TS:YSOG versions reported in Chapters 1 and 2. This construct was first transfected 

into HeLa cells, and cells were either treated with BILN for 24 hours (Figure 4.4A, left 

and right panels) or left untreated to confirm that there was no fluorescence in the 

absence of BILN (Figure 4.4B, left and right panels). 
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 Figure 4.4. Monitoring HAPLN1 dynamics using HAPLN1-TS:YFP. A, HeLa cells expressing 
HAPLN1-TS:YFP and treated with BILN for 24 hours. B, HeLa cell transfected with HAPLN1-
TS:YFP without added BILN confirms that there is no background fluorescence. C, Neuron 
expressing HAPLN1-TS:YFP and treated with BILN for 24 hours; intracellular fluorescence is 
present but no obvious extracellular fluorescence is visible. D, Neuron expressing HAPLN1-
TS:YFP without added BILN confirms that there is no background fluorescence. 
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Venus fluorescence was observed after BILN treatment, indicating that the 

reporter was functioning as expected. The HAPLN1-TS:YFP construct was then 

transfected into cultured neurons and two samples were either treated with BILN for 24 

hours (Figure 4.4C, left and right panels) or left untreated to confirm that there was no 

fluorescence in the absence of BILN (Figure 4.4D, left and right panels). The problem 

was that the signal visible in the sample treated with BILN remained intracellular; 

HAPLN1-TS:YFP was not localizing in the same way as HAPLN1-Venus. We concluded 

that the TS fusion must either interfere with HAPLN1 secretion and binding in the PNN, 

or that the TS:YFP reporter was not responding to BILN in the same manner 

extracellularly as it does within the cell. In either case, examining HAPLN1 dynamics 

using alternate methods including photo-convertible proteins could be a good strategy. 

 

Attempts at visualizing HAPLN1 using genetically encoded reporters for EM 

To test whether PNN structure could be visualized using a genetically encoded 

reporter for EM, HAPLN1-miniSOG and HAPLN1-Venus-APEX2 constructs were 

generated. HAPLN1-miniSOG was first tested in cultured neurons (Figure 4.5 A, left and 

right panels). MiniSOG fluorescence was dim, and after 10 minutes of photo-oxidation, 

there was very little darkening in the sample. To overcome this, we expressed HAPLN1-

miniSOG in a plasmid that contained an IRES-mitomCitrine, which proved to be a better 

indicator of neurons transfected with and expressing the plasmid (Figure 4.5B). Neurons 

expressing mitochondrial-targeted mCitrine were identified and photo-oxidized, in the 

presence of added FMN to potentially enhance extracellular miniSOG photo-oxidation 

(Figure 4.5C, left and right panels). From initial observations, it appeared that FMN 

helped promote miniSOG photo-oxidation, and EM imaging of the sample showed a dark 

extracellular precipitate (Figure 4.5D). However, when this experiment was repeated in 
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untransfected cells, the same precipitate was visible (data not shown), indicating that the 

dark labeling was likely due to photo-oxidation from the FMN and not HAPLN1-miniSOG. 
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Figure 4.5. Visualizing HAPLN1 structure around neurons using miniSOG. A, Cultured neuron 
expressing miniSOG, fluorescence image of miniSOG on left and transmitted light image of 
miniSOG photo-oxidation on the right. B, Schematic describes a link protein fusion to miniSOG 
incorporating mito-mCitrine expressed via IRES. C, Left, neuron expressing HAPLN1-miniSOG 
with mito-mCitrine; right, neuron after photo-oxidation with DAB and added FMN. D, Electron 
micrograph of dark labeling after photo-oxidation in the presence of FMN. The same labeling was 
visible in a control sample without miniSOG (data not shown).  
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A HAPLN1-Venus-APEX2 construct was then tested in cultured neurons as a 

genetically encoded alternative to miniSOG. Transfected cells were identified by Venus 

fluorescence (Figure 4.6A) and then the APEX2 was reacted to form a precipitate. EM 

images from this sample show dark, flocculate extracellular labeling around neurons 

(Figure 4.6B, C). These preliminary results indicate that APEX2 may be a good method 

for genetically encoded imaging of the PNN in EM. 

 

Figure 4.6. Visualizing HAPLN1 structure around neurons using APEX2. A, Cultured neuron 
expressing a HAPLN1-Venus-miniSOG fusion construct; expression appears to be similar to 
HAPLN1-Venus alone. B-C, Electron micrographs of sample after APEX2 was reacted to label 
HAPLN1, showing dark extracellular labeling and suggesting that APEX2 genetically encoded 
labeling may work for visualizing the PNN in cells and tissues. 
 

Examining HAPLN1-Venus overexpression in mouse brain tissue 

Based on how HAPLN1-Venus successfully labeled the PNN in cultured neurons, 

we next examined whether HAPLN1-Venus could function as a marker for PNN in living 

brain tissue. We introduced a plasmid encoding HAPLN1-Venus into mouse brain tissue 

via intrauterine electroporation of embryonic mice. Once electroporated mice were born, 

they were allowed to mature and sacrificed at postnatal day 30. Brain slices from these 

animals showed HAPLN1-Venus localized extracellularly around neurons in 

electroporated regions of the brain (Figure 4.6A, B). This suggests that a mouse knock-

in for HAPLN1-Venus could potentially enable ECM structure monitoring over time in a 
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living animal. Venus fluorescence was visible in the whole brain, dorsally and ventrally 

(Figure 4.10A-D).  

 

Figure 4.7. HAPLN1-Venus is expressed and integrated extracellularly in living animal brain. A, 
Brain tissue from animals electroporated with a plasmid encoding HAPLN1-Venus shows fusion 
protein expression, apparent secretion, and integration into the PNN of the expressing neuron 
and surrounding tissue. B, Pseudocolor image with HAPLN1-Venus in green and neurons in 
purple.  
 

Generating a HAPLN1-Venus Knock-In Mouse 

 Based on the success of in vitro and in vivo models for HAPLN1-Venus PNN 

labeling, a mouse knock-in (KI) was generated for genetically encoded labeling of PNN 

throughout an animal brain through HHMI and the Janelia Transgenic Animal Facility. 

The advantage of this is that the fusion protein is incorporated into the genomic locus 

and not overexpressed, so that the PNN is labeled where normal, endogenous protein 

would be.  

 HAPLN1-Venus KI mice were generated via Crispr/Cas9 technology and shipped 

to UCSD. The Venus FP was inserted into Exon 5 of the HAPLN1 mouse gene, linked to 

HAPLN1 via a six-nucleotide linker representing the XbaI restriction site (TCTAGA). 

Exon 5 contained the end of the HAPLN1 sequence. The sequence for the FP was 

inserted as described in Figure 4.10. After quarantine, animals were released to the 

Tsien lab and genotyped. Interestingly, it was found that live animals could be placed 

HAPLN1-Venus A B HAPLN1-Venus Neurons 



	

	
 

102 

under illumination that excited Venus, and fluorescence was visible in thin tissues 

containing cartilage, including the ears and tail (data not shown). This indicated that the 

Venus fluorescent protein was being expessed correctly in the animal and that it could 

be used as a screening method for assessing whether a particular animal contains the 

fusion protein. 

 One heterozygous HAPLN1-Venus mouse was sacrificed, perfused with PFA, 

and imaged. Images of the dorsal and ventral surface of the whole brain indicate that 

Venus fluorescence was clearly visible before sectioning and throughout the brain 

(Figure 4.11A-D). Vibratome sections from this brain indicate that the HAPLN1-Venus 

fusion protein is expressed extracellularly and surrounding neurons in the cortex (Figure 

4.11E). Labeling appears to be extensive, and while the fusion protein is incorporated 

more heavily around some neurons than others, HAPLN1-Venus is a broad label for 

PNNs around a variety of neurons. Further work to examine HAPLN1-Venus structure 

will be essential for future experiments to use this mouse model in studies on learning 

and memory. 

 

Figure 4.8. Conditions used for live-cell imaging do not bleach Venus fluorescence. A, HAPLN1-
Venus expressing neurons imaged 12 times over 12 hours with low laser power do not show a 
measured loss in fluorescence. Differential interference contrast (DIC) images show that neuronal 
morphology remains the same over time. B, Quantified fluorescence of individual neurons. Scale 
bars, 20 μm. 
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Figure 4.9. Effect of hyaluronidase and ChABC on fixed HAPLN1-Venus and HABP-labeled HA. 
A, Neurons were fixed and labeled for HA, then treated with hyaluronidase for 30 min and re-
imaged. Venus fluorescence remained constant, however HABP-based labeling of HA was 
reduced, indicating that HABP specifically labels HA. B, Neurons were fixed and labeled for HA, 
then treated with ChABC for 3 h and imaged again. Venus fluorescence remained constant, 
however HABP-based labeling of HA was reduced, suggesting that ChABC may have some 
activity towards HA. Scale bars, 20 μm.  
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Figure 4.10. Venus insertion into the mouse HAPLN1 genomic locus. The Venus FP is inserted 
at the end of HAPLN1 exon 5, linked to HAPLN1 via the XbaI restriction site six-nucleotide 
sequence. The end of HAPLN1 is the first section colored red, the Venus FP sequence is is 
colored green, and primers used to sequence the insertion region are in blue.  
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Figure 4.11. Fluorescence expression in the HAPLN1-Venus mouse. A, Transmitted light image 
of a whole HAPLN1-Venus KI mouse brain, dorsal side. B, Fluorescence image of the same brain, 
dorsal side. C, Transmitted light image of the same brain, ventral side. D. Fluorescence image of 
the same brain, ventral side. E, Fluorescence image of HAPLN1-Venus in brain slices, Z stack 
maximum projection. All images taken by Varda Lev-Ram. 
 

Discussion 

Genetically encoding reporters into the PNN via direct conjugation to HAPLN1 

opens the possibility of monitoring the PNN in living brain tissue. Before this, lectin 

labeling in vivo had little success and marked only the PNN structures present at a 

specific point in time [117]. Genetically encoded labeling was another possibility, 

however attempts at fusing CSPGs to simple reporters like GFP proved unsuccessful 

after many attempts in other laboratories (personal correspondence, Chrissa Dwyer, Jeff 

Esko lab, UCSD, and Russell Matthews, Yale University). This is likely because CSPGs 
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are extensively post-translationally modified by proteolysis and glycosylation, making 

them difficult targets for fusions [123]. We determined that the link protein HAPLN1 is an 

alternative PNN protein that is amenable to simple reporter fusion. We established that 

HAPLN1-Venus is secreted and integrated into the PNN in cultured neurons, used for 

live-cell PNN imaging, and is incorporated into PNN in a living animal brain.  

It is unclear why the preliminary attempts reported at visualizing HAPLN1-

TS:YFP showed the fusion protein restricted to the cytosol. Perhaps the HAPLN1 fused 

to the portion of TS:YFP instead of Venus alone altered the protein’s ability to be 

secreted from the cell. It is also possible that the protein is secreted but does not 

maintain its structure in the extracellular environment, making it unresponsive to BILN 

treatment. Finally, there is a chance that BILN just doesn’t bind as well to the NS3 

protease when it is in the extracellular environment, leaving copies of HAPLN1-TS:YFP 

that have been secreted unlabeled and invisible. We did not perform extensive work to 

investigate these potential factors, and it is possible that HAPLN1 fusions to simpler or 

modified versions of TS reporters could potentially report on specific populations of 

HAPLN1 labeled by BILN addition.  

The reason for failure of the HAPLN1-miniSOG construct is also unclear. When 

extended photo-oxidation times failed, the miniSOG cofactor flavin mononucleotide 

(FMN) was added to potentially supplement extracellular miniSOG. While photo-

oxidation with added FMN produced a dark extracellular precipitate, it was ultimately 

determined to be nonspecific labeling from free FMN polymerizing free DAB molecules 

upon photo-oxidation. One possibility is that even though miniSOG polymerized DAB, 

the DAB was not spatially localized in the cultured neuron monolayer as it would be if 

polymerized within the cell membrane, and floated away into the extracellular 

environment. The exciting result from HAPLN1-Venus-APEX2 labeling suggests that 
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HAPLN1 labeling for EM is still a possibility. If further attempts prove to be successful in 

cultured neurons, the method could easily be extended to imaging HAPLN1 in animal 

brain tissue after delivery of a plasmid encoding a HAPLN1 fusion by virus, intra-uterine 

electroporation, or even a knock-in to the HAPLN1 genetic locus. 

Overall, the HAPLN1 reporter fusion method for live imaging of the PNN is an 

advantage over attempts at genetically encoding labels into CSPGs. One of the most 

important reasons is that HAPLN1 is present throughout the brain and PNNs while 

individual CSPGs are differentially distributed. Further studies using the HAPLN1-Venus 

knock-in model for monitoring PNN changes by light microscopy, possibly in combination 

with genetically encoded reporters such as miniSOG or APEX2 for electron microscopy 

[51, 81] will be invaluable in understanding how PNN influences memory encoding and 

consolidation.  

 

Future Directions 

 New experiments to investigate the role of the PNN in memory are possible now 

that we have a usable method for live-tissue monitoring of the PNN. At the simplest level, 

cultured neurons from normal rat or mouse pups can be transfected with plasmids 

encoding HAPLN1 fusions to genetically encoded reporters. HAPLN1-Venus can be 

used in such a system to carefully examine PNN degradation and correlate it with spine 

growth, mature synapse formation, and the secretion of proteases. Until now when we 

have been using this simple model of HAPLN1-Venus in cultured neurons, our 

experimental results suggest that spine formation results in PNN degradation, however 

we have not convincingly demonstrated that these spines are truly part of mature 

synapses. In addition, the imaging strategy of examining single slices of a confocal z 

stack does not eliminate the possibility that our identification of new spines is simply a 
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matter of focus plane shifting in the z direction. This needs to be confirmed by 

generating 3D reconstructions that prove that new spines truly grew over the time the 

sample was imaged. To take this one step beyond introducing reporters via 

electroporation, cultured neurons can be derived from our new HAPLN1-Venus 

transgenic mouse. This would be a more physiologically relevant system than 

introducing HAPLN1 reporters via transfection and overexpression. 

Using cultured neurons derived from the HAPLN1-Venus transgenic mouse, it 

would be interesting to study PNN dynamics in specific types of neurons. The reason for 

using cultured neurons from these animals is to have an in vitro system in which initial 

experiments can be performed prior to testing in brain slice and live animals. One 

interesting experiment would be to compare HAPLN1-Venus changes at synapses that 

form in cultured hippocampal neurons and cultured cortical neurons. The hippocampus 

and the cortex are simple to isolate during preparation of primary neurons, and while the 

majority of work done thus far has been performed in mixed hippocampal and cortical 

neuron cultures, it would be easy to conduct these experiments in cultures produced 

from different brain regions. It is generally accepted that the hippocampus is involved 

with storing short-term information while the cortex is involved with storing long-term 

information, so it would be interesting to see whether PNN changes upon 

synaptogenesis are more plastic in hippocampal neurons than cortical neurons. 

 Moving beyond experiments in dissociated neuronal cultures, the next step is to 

use brain slices from HAPLN1-Venus mice. First, it is important to characterize the 

structure and distribution of the HAPLN1-Venus label in slices from intact brains. Thus 

far, preliminary experiments have shown that HAPLN1-Venus fluorescence is clearly 

apparent throughout the brain, and surrounds neurons in the cortex. There is some 

differential distribution, in which some neurons appear to have more HAPLN1 than 
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others, however there appears to be some around all neurons. We have yet to 

determine whether homozygous KI mice have more HAPLN1-Venus fusion protein 

incorporated into PNNs.  

Using brain tissue from HAPLN1-Venus KI mice, serial vibratome sections could 

be imaged and used to reconstruct the distribution of HAPLN1-positive PNNs throughout 

the brain. Once there is a better understanding of where HAPLN1 PNNs are located, 

acute or organotypic brain slices can be used to monitor PNN changes in response to 

electrophysiological LTP and LTD induction. Since the HAPLN1-Venus is incorporated 

into the genomic locus, we hope to demonstrate that the label will appear in the same 

way as HAPLN1 localizes in a normal animal brain. If the HAPLN1-Venus transgenic 

animal is injected with a small aliquot of AAV- or lentivirus-delivered cytosolic FP such 

as tdTomato, sparse intracellular fluorescence would enable changes in dendritic spines 

to be monitored over time. Synapses undergo structural changes and swell during 

plasticity [124], and these changes should be visible by monitoring spines in LM. The 

advantage of using brain slices from HAPLN1-Venus animals is that it enables 

longitudinal imaging; it would be relatively easy to repeatedly visualize individual 

neurons and their PNNs over time, and this would not be as difficult as monitoring these 

changes in a living animal brain. Organotypic slices are not entirely representative of 

endogenous brain connectivity and acute slices admittedly only last up to 48 hours, 

however changes in plasticity can occur on shorter time scales and these two 

“intermediate” systems can provide more information than cultured neurons. Brain slices 

also permit imaging of brain regions that are not as easily accessible using glass brain 

windows implanted into the skull, for example the cerebellum or the hippocampus.  

Ultimately, to understand the role of the PNN in very long-term memory, studies 

need to be performed in living animals. Many labs are proficient in surgically implanting 
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glass slides into the skull of living mice and rats to allow imaging of cortical regions close 

to the surface. If this is done in a HAPLN1-Venus mouse that also has a cytosolic FP 

expressed in neurons, either via viral delivery or crossing with an appropriate mouse 

strain, then cortical changes in both PNN and synapses can be monitored longitudinally 

in the same animal. The most exciting application of such an experimental scheme 

would be to train an animal to learn a task and then later on recall the task while 

simultaneously monitoring spine growth and PNN dynamics. This could be manipulated 

even further by laser ablating specific spines that appeared after the training exercise, 

and can be conducted over longer periods of time, enabling study of processes involved 

in long-term memory. 

  

Methods 

Reagents 

Mouse HAPLN1 cDNA was purchased (Origene, Rockville, MD) and cloned as a 

fusion to Venus into the pCAGGS mammalian expression plasmid, which drives 

expression via a cytomegalovirus (CMV) enhancer fused to a chicken beta-actin 

promoter. This construct was generated using standard molecular biology techniques; 

PCR, restriction enzyme digestion, and ligation. All subcloned fragments were fully 

sequenced to confirm successful construction. Primary antibodies used were mouse 

monoclonal anti-PSD95 (Pierce, Rockford, IL), rabbit polyclonal anti-Aggrecan (Millipore, 

Darmstadt, Germany), rabbit polyclonal anti-Synapsin I (Millipore), mouse monoclonal 

anti-GFAP (Sigma-Aldrich, St. Louis, MO), rabbit polyclonal anti-HAPLN1 (GeneTex, 

Irvine, CA). For immunoblotting, primary antibodies were used at 0.1-0.4 μg/mL. HRP-

conjugated mouse secondary antibody (Cell Signaling, Danvers, MA) and HRP-

conjugated rabbit secondary antibody (BioRad, Irvine, CA) were used at 0.4 μg/mL. For 
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immunofluorescence, primary antibodies were used at 0.5-1 μg/mL. Alexa Fluor 568-

conjugated mouse secondary antibody and Alexa Fluor 647-conjugated goat secondary 

antibody (Life Technologies, Carlsbad, CA) were used at 0.5 μg/mL. Streptavidin Alexa 

Fluor 488, Streptavidin Alexa Fluor 647, and unlabeled Streptavidin (Life Technologies) 

were used at 2 μg/mL. Fluorescein-conjugated Wisteria floribunda agglutinin and Vicia 

villosa agglutinin (Vector Labs, Burlingame, CA) were used at 10 μg/mL. Biotinylated 

hyaluronic acid binding protein (Millipore) was used at 10 μg/mL. For time lapse imaging, 

hyaluronidase (Sigma) was used at 75 U/mL [125]. 

 

Cell culture 

All cell culture reagents were obtained from Life Technologies unless otherwise 

indicated. Cortical neurons were dissociated by papain from postnatal day 2 (P2) 

Sprague Dawley rats of either sex, transfected by Amaxa electroporation (Lonza, Basel, 

Switzerland), then plated on poly(D-lysine)-coated MatTek glass-bottom dishes (MatTek 

Corporation, Ashland, MA) and cultured in Neurobasal A medium with B27 supplement, 

2 mM GlutaMAX, 20 U/mL penicillin, and 50 μg/mL streptomycin as previously described 

[14]. All neuron experiments described were performed in cultured neurons matured to 

between 14 and 18 days in vitro (DIV) unless otherwise specified. All animal procedures 

were approved by the Institutional Animal Care and Use Committee of the University of 

California, San Diego.  

 

Immunoblotting 

For analysis of the expression level of HAPLN1-Venus, transfected neurons were 

plated and maintained in six-well cell culture plates. At DIV14, neurons were rinsed 

quickly with ACSF (in mM): 125 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 22 D-glucose, and 25 
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HEPES (pH 7.3) and resuspended in lysis buffer (20 mM Tris-HCl, 1% Triton detergent, 

10% glycerol, 2 mM EDTA, 137 mM NaCl, and Roche EDTA-free protease inhibitor, pH 

7.4). Cells were homogenized and protein content assessed by Bradford assay. SDS 

loading buffer was added to lysate, then immunoblotting was performed. Briefly, lysates 

were run on NuPage 4-12% Novex Bis-Tris SDS polyacrylamide gels (Life 

Technologies). Proteins were transferred onto polyvinylidene fluoride membranes (Life 

Technologies) by electroblotting, and membranes were then blocked with 10% non-fat 

dried milk in Tris-buffered saline with 0.1% Tween-20 (TBST), incubated in primary 

overnight in 5% BSA in TBST at 4°C, washed in TBST to remove excess primary 

antibody, incubated in HRP-conjugated secondary antibody in TBST for 1 h at room 

temperature, and finally rinsed 3 times for 15 min each in TBST. Proteins were 

visualized by chemiluminescence using SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific) and film (Blue Devil, Genesee Scientific). 

 

Time-lapse microscopy 

To follow fluorescence development of TS:YSOG2 and TS:YSOG3 tags in 

transfected neurons, cells were cultured on MatTek dishes in Neurobasal medium as 

previously described [14]. BILN was added to neurons that had been stimulated or left 

unstimulated. After 24 h of BILN incubation, neurons were washed three times with 

warmed conditioned media and replaced in HBSS supplemented with B27, 25 mM 

glucose, 1 mM pyruvate, and 20 mM HEPES. Neurons were imaged on an Olympus 

FluoView 1000 Confocal LSM equipped with a stage-top environmental chamber with 

temperature set to 37°C and 5% CO2, using a 40x oil objective. For confocal imaging, 

the following settings were used: excitation with a 488-nm argon-ion laser line at 0.5% 

power, scan resolution 800 x 800 pixels, scanning speed 2 μsec/pixel, photo-multiplier 
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voltage 700 V, digital gain of 1. A stack of optical sections at 1-μm intervals through each 

neuron was obtained at each position and time point and then flattened in a maximum 

intensity projection. Analysis was performed on an Apple Macintosh notebook using the 

US National Institutes of Health ImageJ program. Immunofluorescence and time lapse 

images of related conditions were matched for laser power, gain, and offset. 

 

Immunofluorescence in cultured cells 

Neurons were fixed by addition of one culture volume of 4% paraformaldehyde 

and 4% sucrose for 10 minutes at room temperature (RT), then washed with phosphate-

buffered saline (PBS), blocked in PBS with 5% non-immune goat serum (Sigma), and 

probed for PSD95 according to standard procedures. Specificity of secondary antibodies 

was confirmed in control samples without primary antibody. Images were obtained on an 

Olympus FluoView 1000 Confocal Laser Scanning Microscope (LSM) using a 40x oil 

immersion lens. Analysis was performed on an Apple Macintosh notebook using the 

National Institutes of Health ImageJ Program. Immunofluorescence images of related 

conditions were matched for laser power, gain, and offset.   

 

Immunohistochemistry 

Male FVB mice aged 6 months were anesthetized by intraperitoneal 

administration of Ketamine (100 mg/kg; Ketaset, Pfizer, New York, NY) supplemented 

with Midazolam (100 mg/kg; Midazolam, Akorn, Lake Forest, IL) and transcardially 

perfused first with 50 mL of 1x Dulbecco’s Phosphate Buffered Saline (DPBS) buffer and 

then 100 mL of 4% PFA in DPBS. The brain was dissected and post-fixed for 1 h at 4C, 

then cryoprotected in DBPS buffer containing 30% sucrose overnight. Brain tissue was 

embedded in O.C.T. (TissueTek, Radnor, PA) then cut on a cryostat into 10 μm-thick 
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sagittal sections and mounted onto glass slides. Primary antibodies were incubated 

overnight at RT in PBS containing 0.1% BSA, 0.1% fish gelatin (Sigma, Cat #), and 0.1% 

Triton X-100. Sections were then incubated with secondary antibody for 2 h at RT. After 

washing with PBS, samples were mounted in VectaShield Mounting Medium with DAPI 

(VectorLabs, Burlingame, CA) and imaged on an Olympus FluoView 1000 Confocal 

Laser Scanning Microscope (LSM) using a 40x oil immersion lens. Images were taken at 

1024 x 1024 resolution. 

 

In utero electroporation 

We followed a method previously described [126]. Briefly, E15 pregnant ICR 

mouse was anesthetized with isoflurane and the uterus was aseptically exposed. Each 

embryo was injected with 1 µl of DNA (1-3 µg/µl) blended with Fast Green (Sigma-

Aldrich F7252) into the brain ventricle using a beveled glass pipette. DNA was then 

electroporated using 5 square pulses of 50 msec, 50V each with 1 sec interval (ECM 

T830 BTX, Harvard Apparatus). The uterus was then placed back into the abdominal 

cavity and the abdominal wall and skin sutured. Pups were sacrificed at three weeks of 

age or older.  

 

Sequencing HAPLN1-Venus KI mice 

 Primer nucleotide sequences for genotyping HAPLN1-Venus KI mice were 

provided by Janelia. They are: Crtl1 gt F: 5’ TGGAAGCTTCTGGGCTATGA 3’; Crtl1 gt 

R: 5’ ACTCAAGAACTGACTCTTCCT 3’; Venus 5R2: 5’ AACTTGTGGCCGTTTACGTC 

3’; Crtl1 scr 5F: 5’ GGCTCAGTCTTGCTACAAGTA 3’; Crtl1 scr 3R: 5’ 

CTAGGAGTTCTAACTGTGGC 3’; Crtl1 scr 5FL: 5’ AGTGTATGCCAGTTCTGGCA 3’. 

PCR using Crtl1 gt F, Crtl1 gt R, and Venus 5R2 should generate a PCR product of 210 
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bp for wild-type and 266 bp for Venus insertion. PCR using Crtl1 scr 5F and Venus 5R2 

should generate a PCR product of 739 bp for Venus insertion. PCR using Venus 3F2 

and Crtl1 scr 3R should generate a PCR product of 673 bp for Venus insertion. PCR 

using Crtl1 scr 5FL and Venus 5R2 should generate a PCR product of 1155 bp for 

Venus insertion. 

 

Chapter 4, in part, is in preparation for submission for publication. The 

dissertation author was the primary investigator and author of this material. Varda Lev-

Ram assisted with intra-uterine electroporation and the study design. Roger Tsien and 

Mark Ellisman supervised the project and provided advice.  
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