
 
 

 

 

 

Development and implementation of a brain-wide memory trace imaging and analysis strategy 

 

Marcos Lanio 

 

 

 

 

 

 

 

 

 

 

 

 

Submitted in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy 
under the Executive Committee 

of the Graduate School of Arts and Sciences 
 
 
 

COLUMBIA UNIVERSITY 
 
 

2021 
  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2021 

Marcos Lanio 

All Rights Reserved 

  



 
 

Abstract 

Development and implementation of a brain-wide memory trace imaging and analysis strategy 

Marcos Lanio 

 

 Understanding the neuronal basis of learning and memory is a fundamental problem in 

neuroscience. A leading theory, the origins of which date back to the beginning of the twentieth 

century, is that the neural basis for memory resides in engrams (also called memory traces), 

ensembles of cells that are activated during learning and reactivated during memory retrieval. 

Recent genetic tools have allowed researchers to visualize and manipulate memory traces in 

small brain regions; however, the ultimate goal is to analyze memory traces across the entire 

brain in order to better understand how memories are stored in neural networks and how 

multiple memories may coexist. In order to do so, methods and technologies need to be 

developed that allow labeling of engram cells throughout the brain, visualization of these cells, 

and automated quantification of cells in an anatomically precise manner. The first of these 

challenges has been addressed through the development over the past several years of 

different mouse models that permit the labeling of active cells throughout the brain at multiple 

time points. One of the most powerful models, the ArcCreERT2 mouse line, uses drug-induced 

genetic recombination to indelibly label cells throughout the brain in an activity-dependent 

manner. In this thesis, I present our work utilizing this model to solve the second and third 

challenges: imaging of brain-wide memory traces and automated quantification of labeled cells, 

as well as the application of these novel methods to understanding the engram network 

changes following fear extinction. 

 Intact tissue clearing and imaging is a new and rapidly growing area of focus that holds 

great promise for enabling the brain-wide visualization of memory traces. We utilized the leading 

protocols for whole-brain clearing and applied them to the ArcCreERT2 mice. We found that 



 
 

CLARITY and passive clarity technique (PACT) greatly distorted the tissue, and 

immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO) 

quenched enhanced yellow fluorescent protein (eYFP) fluorescence and hindered 

immunolabeling. Alternative clearing solutions, such as tert-Butanol, circumvented these 

harmful effects, but still did not permit whole-brain immunolabeling. Clear unobstructed brain 

imaging cocktails and computational analysis (CUBIC) and CUBIC with Reagent 1A produced 

improved antibody penetration and preserved eYFP fluorescence, but also did not allow for 

whole-brain memory trace visualization. We developed CUBIC with Reagent-1A*, a modified 

CUBIC protocol that resulted in eYFP fluorescence preservation and immunolabeling of the 

immediate early gene (IEG) Arc in deep brain areas; however, optimized memory trace labeling 

still required tissue slicing into mm-thick tissue sections. Nonetheless, our data show that 

CUBIC with Reagent-1A* is the ideal method for reproducible clearing and immunolabeling for 

the visualization of memory traces in mm-thick tissue sections from ArcCreERT2 brains. 

 Recent developments in brain-wide engram tagging strategies, primarily through the use 

of transgenic mouse models such as the ArcCreERT2 line, and whole brain imaging strategies, 

such as CLARITY, CUBIC, and iDISCO, have created the circumstances to, for the first time, be 

able to visualize throughout the brain neuronal activity that is directly linked to behavior. 

However, as noted above, quantifying and analyzing these brain-wide memory traces presents 

its own challenge, and widely applicable, readily accessible solutions to this problem have thus 

far been limited. Although a handful of freely available programs and suites do exist, such as 

CellProfiler and ClearMap, these are generally tailored to specific approaches, and in particular, 

no currently available solution exists for quantifying multi-labeled engram cells imaged in three 

dimensions along the coronal plane, a relatively common scenario that is sure to become even 

more prominent as greater adoption of the underlying technologies progresses. Using ImageJ 

and R, we developed an image analysis pipeline to solve precisely this problem. Our strategy 

allows for the segmentation of both the encoding and retrieval populations, including 



 
 

identification of the reactivated cells, and registration of segmented cells to an anatomical atlas 

in order to analyze cell activity in a region- and layer-specific manner.  

 Post-traumatic stress disorder (PTSD) can develop following a traumatic event and 

results in heightened, inappropriate fear and anxiety. Approximately 8% of the US population 

suffers from PTSD, the main treatment for which is repeated exposure to triggering stimuli under 

controlled conditions. A better understanding of the neural circuits modified during this process 

would help advance therapeutic treatment for PTSD. We sought to determine the brain-wide 

neuronal activity changes underlying fear extinction, the best laboratory model of exposure 

therapy, by using the ArcCreERT2 x eYFP mice and our newly developed brain-wide 

segmentation and registration pipeline. ArcCreERT2 x eYFP mice were administered a 4-shock 

contextual fear conditioning (CFC) paradigm followed by either a 10-day extinction protocol or 

re-exposure to the aversive context without extinction. Following the final exposure session, 

mice were euthanized, and active cells were quantified throughout the brain using the pipeline. 

We found that fear learning leads to increased functional connectivity of amygdalar and 

hypothalamic regions, and extinction leads to a decentralization of the fear memory network and 

disengages the thalamus and striatal amygdala. Additionally, coordinated reactivation of the 

basomedial amygdala and secondary somatosensory cortex with frontal association regions are 

differentially modulated following extinction, and we identified the temporal association area and 

medial habenula as novel brain regions involved in modulating freezing behavior. 

 In summary, in this thesis, we have developed a novel engram analysis pipeline and 

shown its potential for quantifying brain-wide memory traces. This is the first study to analyze 

brain-wide functional connectivity following fear learning and extinction of a recent fear memory, 

as well as the first study to analyze fear memory trace reactivation patterns across the brain and 

relate all three measures to behavioral output. This work both greatly enhances our 

understanding of the neural underpinnings of fear extinction and provides a toolset for readily 

exploring the neural underpinnings of other behaviors and types of associative memory. 
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Chapter 1: Introduction 

Since at least the time of the Ancient Greeks, mankind has confronted the questions, ñWhat 

does it mean to remember?ò, and equally as important, ñWhat does it mean to forget?ò In 350 

BCE, in his work ñOn Memory and Reminiscenceò, Aristotle wrote, ñMemory is, therefore, 

neither Perception nor Conception, but a state or affection of one of these, conditioned by lapse 

of time,ò and ñremembering é is the existence, potentially, in the mind of a movement capable 

of stimulating it to the desired movementò1. In this early work, Aristotle already recognized both 

the importance of and some of the fundamental aspects of memory and memory retrieval, which 

millennia later, Richard Semon would codify with his introduction of the term ñengramò to refer to 

the physical substrate of a memory. 

 At the turn of the 20th century, Richard Semon theorized that memories were stored in a 

physical substrate in the brain, and he proposed four characteristics that this substrate, for 

which he coined the term engram, should exhibit: persistence, ecphory, content, and 

dormancy2,3. Persistence is the idea that the changes undergone by the substrate as a result of 

the experience should be long-lasting. Ecphory means that exposure to appropriate stimuli, 

such as something present at the time of the experience, should reactivate the engram, leading 

to an appropriate behavior output. Content simply means that the information contained in the 

engram should reflect the initial experience and lead to a predictable output during retrieval. 

Lastly, dormancy means that the engram continues to exist even when neither encoding nor 

retrieval is occurring; the engram is not merely present during the moment of expression, but 

lies latent after its creation4. 

 Unfortunately, although many of his theories would later bear fruit, as we will see below, 

Semonôs ideas were largely ignored during his lifetime. Semon himself considered it to be a 

ñhopeless undertakingò to try to understand the biological basis of his engram theory, largely 

due to the limited tools and neuroscientific understanding of the time5,6. Considering that it 
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would be more than 100 years until, using modern genetic, molecular, and optical techniques, 

scientists would be able to first localize an engram7, he may have had a point. Nonetheless, 

several decades later, Karl Lashley would attempt to locate the engram through a series of 

cortical lesion experiments. In a typical experiment, Lashley would train a rat to run a maze, 

lesion a part of the cerebral cortex, and then test to see how well the rat could still navigate the 

maze. After experimenting with different lesions of various sizes in many parts of the cortex, 

Lashley found that the ability of the rats to run the maze seemed to depend only on the size of 

the lesion but not on its location, leading him to declare the engram ñelusiveò and postulate that 

engram cells are indiscriminately distributed throughout the cortex8. Although this theory has 

turned out to be false, his experiments are important in highlighting the necessity of studying 

engrams using techniques that allow for precise visualization and manipulation of cells. 

 Building on Semonôs conceptualization of the engram and studies over the last decade, 

discussed below, a more modern classification recognizes the distinction between an engram, 

engram cells, and the engram complex6,9. As in Semonôs formulation, the term engram simply 

refers to enduring physical and/or chemical changes triggered by learning that underlie memory 

formation. Engram cells are defined as cells that 1) are activated during learning; 2) are 

reactivated by the presentation of the original stimulus, in whole or in part, leading to memory 

retrieval; and 3) undergo a persistent physical or chemical change as a result of learning. 

Engram cells are organized into local engram cell ensembles, which in turn connect via engram 

cell pathways to form the brain-wide engram complex, the network of cells consisting of multiple 

engram cell ensembles across multiple brain regions that supports a given memory6,9. It should 

be noted here that given that the modern field of engram research is relatively young (< 20 

years), the concepts, definitions, and even the terms used to refer to the common object of 

study (cells active during both learning and memory retrieval that are both necessary and 

sufficient for appropriate behavioral output) are still evolving10, and there is limited consensus 

across the field as to the best nomenclature. The most widely used terms are engram, as 
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described above, and memory trace, which two are essentially interchangeable and will be used 

as such throughout this work.  

 

1.1 Immediate Early Genes (IEGs) 

Most modern engram studies rely on the use of immediate early genes (IEGs) to be able to 

visualize and/or manipulate recently active neurons. IEGs are a class of genes that are quickly 

(within minutes) upregulated following neuronal activation, reach their peak level after 1-2 hours, 

and are quickly degraded. As such, they serve as powerful markers of recent neuronal activity. 

Several dozen IEGs have been described in neurons. Of these, two of the most widely studied 

and utilized, which are the main IEGs utilized throughout the studies described in this thesis, are 

Arc (also known as Arg3.1)11,12 and c-Fos13. 

 IEGs can be divided into two functional categories: transcription factors and direct 

effector proteins. Transcription factor IEGs, like other transcription factors, bind to DNA and act 

to regulate the downstream transcription of genes that carry out various functions. Direct 

effector IEGs are largely structural or synaptic proteins that interact with the rest of the cellular 

machinery to directly carry out cellular changes14. 

 

Arc 

Activity regulated cytoskeletal-associated (Arc) gene belongs to the class of direct effector IEGs. 

Both the transcription and translation of Arc are heavily regulated15. After being transcribed, Arc 

mRNA remains in the nucleus for around 30 minutes, before being actively transported away 

from the cell body and localized to the dendrites16. This tightly controlled translocation of mRNA 

can be exploited to assay neuronal activation and reactivation at different, appropriately space 

time points using in situ hybridization, a technique termed cellular compartment analysis of 

temporal activity by fluorescent in situ hybridization (catFISH)16. This technique has been 
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successfully applied across a number of studies, largely to better understand the temporal 

dynamics and contributions of different cells in the hippocampus and amygdala to contextual 

learning17ï19. 

 In terms of its function, Arc has been well characterized as being essential for synaptic 

plasticity and long-term memory formation15. Arc levels are directly tied to spine density and 

spine morphology, with Arc overexpression leading to more spines and Arc disruption leading to 

fewer spines20. Arc is also required for the late phase of long-term potentiation (LTP) and for the 

persistence and magnitude of long-term depression (LTD)21. Behaviorally, Arc is necessary for 

the consolidation of long-term memories21,22. Recently, Arc has also been shown to permit a 

novel molecular mechanism for transfer of genetic information across synapses by forming viral-

like capsids capable of enclosing RNA23. 

 

c-Fos 

Despite being the first IEG discovered in the brain13, comparatively little is known about the 

functional role of c-Fos. C-Fos belongs to the class of transcription factor IEGs. It and other 

members of the Fos family of transcription factors form heterodimers with members of the Jun 

family of transcription factors to create the activator protein-1 (AP-1) complex24. Outside the 

brain, c-Fos is known to be important in tumorigenesis, metastasis, and invasion25, but inside 

the brain, aside from its great utility as a marker of neuronal activity, its function and the 

downstream genes it affects remain largely unknown24.  

 

1.2 Engram Mouse Models 

In addition to the use of direct labeling strategies of IEG proteins or transcripts, in order to 

achieve more precise and flexible control of IEG tagging, several labs have developed 

transgenic mouse models that utilize IEG promotor sequences to drive reporter proteins. The 
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earliest such models, for example the Fos-LacZ mice26, FosGFP mice27, and Arc-dVenus 

mice28, use the IEG promoter to directly drive the reporter protein, essentially making an activity-

dependent reporter line. These lines offer distinct advantages to post-mortem 

immunohistochemical strategies, including the ability to image in vivo29 or record activity from 

IEG labeled cells both in vivo and ex vivo27; however, they still retain some significant 

limitations. Most notably, activity-dependent reporter lines do not offer any kind of temporal 

control of reporter expression: since the reporter protein is being driven directly by the 

endogenous IEG promotor, reporter protein expression is continuous, rather than tied to a 

specific behavior or experience of interest, leading to a large amount of non-specific signal 

(background or ñleakò). In this same vein, these lines do not permit the identification of cells 

active at multiple time points, such as following memory retrieval of a learned experience or as a 

result of two distinct experiences, and hence cannot be used to identify the reactivated 

population, one of the key characteristics of engram cells (see above). Lastly, these lines do not 

offer any solutions for manipulating labeled cells, severely limiting the types of experiments that 

can be conducted. For these reasons, several more complex, multi-transgenic lines have been 

developed by various labs, in which the IEG promotor instead drives an effector protein, which 

then interacts with a second genetic locus to yield the reporter. Below, I summarize the 

characteristics of the three most widely-adopted such models, including the model that is used 

in Chapters 2-4. 

 

TetTag 

The first model constructed employing a double-transgene strategy is the TetTag mouse7. In 

this mouse line, the c-Fos promoter is used to drive the expression of a tetracycline 

transactivator (tTA) protein, a transcription factor which is repressed in the presence of the 

antibiotic doxycycline (DOX). The binding site for tTA, a tetracycline responsive element (TRE) 

such as TetO, drives the expression of the reporter protein and is placed either at a different 
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genetic locus (such as in the original study, in which TetO drove LacZ expression) or in a viral 

vector for spatially targeted expression. Because the effect of DOX is to inhibit the activity of tTA 

and therefore prevent expression of the reporter protein, this is known as a Tet-Off system 

(turns off in the presence of DOX). In order to achieve temporal control of reporter expression, 

TetTag mice are raised on a DOX containing diet, preventing any spurious labeling. Several 

days before the behavior or experience of interest, mice are transferred to a normal diet, in 

order to allow the DOX to wash out of their system. After 2-5 days off DOX, mice can be 

administered the behavior of choice, often fear conditioning (FC), and neurons activated by the 

behavior will be labeled. Post-behavior, mice are quickly put back on DOX in order to prevent 

any additional labeling. Although they are once again on DOX, mice retain the signal from the 

time they were off DOX for at least several days7, contingent on the half-life of the reporter 

protein30. Therefore, one can later expose the TetTag mice to a memory evoking stimulus and 

identify the reactivated population using conventional immunohistochemistry to visualize the 

retrieval cells7. Additionally, by using an optogenetic31 or chemogenetic32 channel as the 

reporter protein, one can selectively manipulate the activated cells. 

 

ArcCreERT2 

Another multi-transgenic model, the one used throughout this thesis, is the ArcCreERT2 mouse 

line33. In this line, a Cre-recombinase protein fused with a modified estrogen receptor34 is placed 

downstream of the Arc promoter. This line can then be bred with an appropriate reporter line 

that contains a fluorescent reporter protein35 or optogenetic channel36 downstream of a floxed-

STOP codon or used with a similarly constructed viral vector. When exposed to an appropriate 

drug, such as tamoxifen (TAM) or, for more precision, 4-hydroxytamoxifen (4-OHT)37, CreERT2 

binds to the drug, is permitted to enter the nucleus, and removes the STOP codon upstream of 

the reporter, leading to constitutive reporter expression. Since CreERT2 is driven by the Arc 

promoter, which is activity-dependent, only neurons that are active while the drug is on board 
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express the reporter. In contrast to the TetTag model, this is a ñswitch-onò system rather than a 

Tet-Off system: reporter expression is induced in the presence of the drug, rather than being 

suppressed. 

 The ArcCreERT2 line offers several advantages relative to the TetTag line. Because it is 

a switch-on system, it is much easier to work with. Mice only have to be given a single injection 

of 4-OHT a few hours before or even immediately after the desired event to be labeled, unlike 

needing to be fed the drug for their entire lives. Additionally, 4-OHT only has a half-life of 

approximately 12 hours37, meaning that the labeling window is much narrower than with the 

TetTag mice, and off-target labeling can be further reduced by dark housing the mice 

immediately following behavior33. Additionally, and most importantly, because the labeling is a 

result of genetic recombination, it is indelible: the active neurons are permanently labeled. Thus, 

the ArcCreERT2 line makes it possible to study memory and memory reactivation days, weeks, 

or even months following the initial event, something that cannot be achieved with the TetTag 

line, with which the signal persists for approximately 2 weeks30. The ArcCreERT2 line therefore 

permits the study of long-term and remote memories using the same level of precision as is 

possible for short-term memories. 

 

TRAP 

Targeted Recombination in Active Populations (TRAP) is a third widely-used, multi-transgenic 

mouse model for labeling active cells38. The TRAP mice are essentially the same as the 

ArcCreERT2 mice: they employ an IEG promoter (either the c-Fos or Arc promoter) upstream of 

CreERT2 and use TAM-induced recombination of a STOP-floxed reporter to create a permanent 

fluorescent label in an active population of choice. The main difference between the two models 

is in how they were created: TRAP is a knock-in model, in which activity of the endogenous 

locus is ablated, while the ArcCreERT2 mice were created using random insertion of a bacterial 

artificial chromosome (BAC), and thus preserve endogenous Arc activity33. As a result of this 
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difference, TRAP mice have more labeling in the absence of drug (ñleakò), especially the 

ArcTRAP mice, and only heterozygous mice can be used for labeling experiments, so as to not 

completely eliminate the endogenous IEG38. In order to address these issues, the same group 

recently developed TRAP2 mice39,40. This improved version of TRAP uses a different knock-in 

strategy that preserves endogenous c-Fos expression and an improved Cre41 protein to lead to 

more specific labeling of active neurons. 

 

1.3 Major Engram Studies 

The groundbreaking paper to first identify a putative engram was the same paper in which the 

TetTag mice were developed and first published7. In this study, using the TetTag mice, the 

authors were able to label neurons in the basolateral amygdala (BLA) that became active as a 

result of auditory FC. Several days later, they re-exposed the mice to the aversive context, 

sacrificed them, and labeled the neurons active during memory retrieval using conventional 

immunohistochemistry for zif268 (another IEG, also called Egr). They identified a population of 

neurons in the BLA that were active at both time points, the first time the reactivated population 

had been visualized. Furthermore, they showed that this population was specific to mice that 

underwent both FC and re-exposure to the aversive context, and that the size of the population 

correlated with the amount of freezing during memory retrieval, suggesting that these neurons 

actively participate in generating freezing behavior7. Thus, the neurons fulfill all of the criteria of 

engram cells, whether as described initially by Richard Semon2,3 or going by the more modern 

definition4,6. 

 The initial TetTag study identified an engram ensemble and showed an association 

between engram activity and behavioral output7, but the authors in that study did not perform 

any manipulations, and so could not show causality between the engram and behavior. Using 

the TetTag mice and a viral labeling strategy, a later study from a different lab was able to show 
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sufficiency of the initially labeled population in inducing the behavioral output31. In this study, the 

authors injected a tTA dependent virus that expressed channelrhodopsin 2 (ChR2) fused to 

eYFP into the dentate gyrus (DG) of TetTag mice. They then administered FC to the mice in 

one context (context B) while off-DOX, and optogenetically activated the FC-labeled neurons a 

few days later in a different, neutral context (context A). They found that stimulation of the FC-

labeled neurons induced freezing in the mice, albeit at a lower level than fear retrieval due to 

natural cues, and that this behavioral output was specific to FC-labeled neurons: neurons 

labeled in the same context without shocks or in an alternate context (context C) did not induce 

freezing upon optogenetic stimulation31. 

 Building off of these two studies, subsequent studies from the same two labs showed 

that it was possible to use stimulation, either via chemogenetic32 or optogenetic42 means, to 

create non-natural associative memory traces. In the former study, the authors again used the 

TetTag mice, this time crossed with a tTa dependent designer receptor exclusively activated by 

designer drug (DREADD) line, to label neurons active during exploration of a neutral context 

(context A). They then stimulated these neurons via injection of clozapine-N-oxide (CNO) while 

the mice underwent fear conditioning in a different context (context B). They found that 

subsequent exposure to context A, either with or without CNO, did not generate freezing, and 

that exposure to context B only generated high levels of freezing in the presence of CNO, 

indicating the creation of a hybrid memory trace in which both the aversive context B and the 

otherwise neutral context A were jointly associated with the negative stimulus32. In the latter 

study, the authors used the TetTag mice and their previous viral labeling strategy to tag neurons 

in the dentate gyrus during exploration of a neutral context A. They then optogenetically 

stimulated these neurons during fear conditioning in a different context B, and showed that re-

exposure to context A (in which the mice had never been shocked), but not to a novel, neutral 

context C, led to increased freezing behavior, indicating the presence of a false association 

between context A and the unconditioned stimulus delivered in context B42. This is in contrast to 
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the results from the chemogenetic experiments in the other study32, in which mice did not 

naturally freeze in context A. This difference can be accounted for by the difference in 

methodology: DREADD stimulation is brain-wide and more temporally diffuse than precisely 

controlled optogenetic stimulation. The difference also speaks to the complexities of memory 

storage and engram research and shows that different brain regions and different 

representations can compete and interact during learning and memory retrieval. 

 From these initial studies, the field of engram research took off, with the same and other 

labs adopting, adapting, and expanding the technologies and experimental possibilities in order 

to better understand memory storage and retrieval under different conditions and in different 

brain regions. For example, in the paper that debuted the ArcCreERT2 mice33, the authors 

showed that in addition to the DG, a component of the CFC engram is also present in CA3. 

Furthermore, using optogenetic inhibition, the authors demonstrated that suppression of either 

ensemble led to decreased freezing behavior in the aversive context, indicating the necessity of 

both regions for fear expression33. And in a paper from the Mayford lab43, the authors identified 

a contextual fear engram in a cortical region, retrosplenial cortex (RSP), and showed that 

optogenetic activation of tagged encoding cells in this region lead to increased freezing behavior 

independently of hippocampal activity. 

 All of the studies discussed thus far have focused on a single aversive experience 

learned under physiological conditions, which is to say that aside from the transgene for labeling 

the memory, all of the mice were wild-type and had not had any significant previous behavioral 

experiences. In addition to uncovering the mechanisms underlying memory storage under 

typical conditions, engram tagging strategies also hold great promise for helping to understand 

and potentially address cognitive pathologies. For example, building on previous work from their 

lab showing that it was possible to alter the valence (positive vs. negative) of associative 

memories in the dentate gyrus44, a study from the Tonegawa lab showed that by optogenetically 

stimulating the engram of a positive experience, it was also possible to alleviate behavioral 
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despair and anhedonia in a mouse model of depression (chronic immobilization stress)45. In a 

study from our lab, the authors showed that by optogenetically stimulating engram cells in the 

dentate gyrus, it is possible to reverse the cognitive memory deficits in a mouse model of 

Alzheimerôs disease46. A study from the Tonegawa lab also found something similar47. As 

another example, a pair of studies from the Josselyn and Dupret labs found that chemogenetic48 

or optogenetic49 inactivation of a cocaine induced association could disrupt even long-standing 

cocaine place preference effects. 

 In parallel with the above studies (and others39,50) that have advanced engram tagging 

strategies in order to better understand pathological cognitive states and ameliorate their effects 

by focusing on specific brain regions associated with the respective condition under study, a 

handful of studies have expanded the use of engram tagging to begin to understand how cells 

throughout the brain respond to different experiences by analyzing many brain regions 

simultaneously. One of the earliest such studies used the TetTag mice to label both very recent 

(2 days) and less recent (14 days) fear memories and analyzed reactivation in 8 brain regions 

across the hippocampus, amygdala, and cortex51. This study found that levels of reactivation 

changed in the hippocampus and amygdala studied but not in the cortical regions analyzed 

between the two time points51. A contemporaneous study was interested in a similar question 

and compared neuronal activity following fear memory retrieval, as measured by levels of c-Fos, 

across 84 brain regions between mice trained 1 day before retrieval and 36 days before 

retrieval52. In this case, the authors used endogenous c-Fos as the label, and so they could not 

look at levels of reactivation, but the high number of regions allowed them to construct 

functional networks of the recent and remote memories, and they found that the remote network 

had higher intercortical connectivity, as well as greater connectivity between the neocortex and 

both the medial prefrontal cortex and hippocampus. They also found that both networks 

exhibited ñsmall-worldò architecture and were more resilient than an equivalently constructed 

random network to targeted node deletion52. There have since been a few more studies that 
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have used various custom-developed and emerging technologies to map IEG activity across the 

brain following different behaviors, including using serial two-photon tomography (STPT) and 

the Arc-dVenus mice to neuronal activity after cued fear recall53; using iDISCO+ and ClearMap 

to quantify c-Fos activity following haloperidol administration, whisker stimulation, and parenting 

behaviors54; and using a neural network to quantify c-Fos activity after home-cage fear 

conditioning at different time points55.  

 

1.4 Limitations of Current Engram Studies 

Existing engram studies, summarized above, have greatly increased our understanding of 

encoding and retrieval of different types of memories across different behavioral and 

pathological states; however, in comparing the existing literature to the current working 

definition of the engram, it is clear that there is still great progress to be made. Most notably, 

although engrams are thought to be organized into brain-wide engram complexes, the vast 

majority of studies that analyze cellular reactivation, a central characteristic of engram cells, 

focus on only one or a handful of regions, and can thus at best provide information on a limited 

component of the engram network. Additionally, these studies tend to focus on regions for which 

there is an a priori reason to believe they are involved in the behavior of study, leading to a 

greater understanding of the mechanics of memory in those regions, but limiting the ability of 

the studies to discover additional regions that may be important for memory formation and 

expression. As a corollary to this, most studies tend to end up focusing on the same handful of 

regions, namely the hippocampus and amygdala, with some attention given to a few cortical 

associative regions, such as retrosplenial cortex and medial prefrontal cortex (variously defined 

to include some subset of infralimbic cortex, prelimbic cortex, and anterior cingulate cortex), 

leaving large swaths of the brain unaccounted for. 
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 As noted above, there are a few studies that have attempted to fill this gap in knowledge 

by analyzing IEG activity across many dozen brain regions or the entire brain; however, in all of 

these cases, the investigators have only analyzed activity after a single time point, usually 

memory retrieval of learned fear. Therefore, while these studies have provided maps of brain-

wide activity related to different behaviors, they cannot be said to have analyzed the brain-wide 

distribution of the engram complex, since they were unable to examine the reactivated 

population. 

 

1.5 Aims 

The overarching goal of this thesis was to characterize a brain-wide engram network using the 

ArcCreERT2 mice. In order to be able to do so, I worked to develop methods for brain-wide 

imaging and quantification of multi-labeled cells that was compatible with the ArcCreERT2 mice, 

then applied these methods to analyze brain-wide reactivation following fear extinction. 

 

Aim 1: Optimization of immunolabeling and clearing techniques for indelibly-labeled 

memory traces across the entire brain 

In order to be able to analyze the brain-wide engram network, it is necessary to be able to 

visualize both the encoding and retrieval populations throughout the brain. In this aim, I worked 

to develop a whole brain clearing and imaging protocol compatible with dual labeling of memory 

trace cells in the ArcCreERT2 line. We adapted the CUBIC with Reagent-1A protocol to yield 

CUBIC with Reagent-1A*, an optimized protocol that permits reliable immunolabeling of both the 

eYFP+ encoding population and the c-Fos+ retrieval population in several hundred-micron thick 

tissue sections from the ArcCreERT2 mice. The results pertaining to this aim are presented in 

Chapter 2. 
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Aim 2: Development of a brain-wide engram quantification pipeline 

In addition to imaging, characterization of a brain-wide engram network requires efficient 

methods for identifying labeled cells (segmentation), including the co-labeled population, and 

aligning cells to an annotated atlas (registration) throughout the brain. Using ImageJ and the 

WholeBrain package in R, I developed a versatile and scalable image analysis pipeline for 

identification of engram cells, mapping of identified cells onto an anatomical atlas, and 

quantification and analysis of mapped cells by region. A thorough description of the 

development of the pipeline is the topic of Chapter 3. 

 

Aim 3: Analysis of the brain-wide memory trace networks underlying contextual fear 

learning and fear extinction 

Engram ensembles are thought to be connected into a brain-wide engram complex or network. 

In this aim I applied the imaging and quantification strategies developed in the previous aims to 

characterize how the engram network of a contextual fear memory changes following fear 

extinction. We found that the fear extinction network is more sparsely connected and 

decentralized than the fear memory network, with less coordinated reactivation among the 

amygdala and the cortex. The results from these studies are described in detail in Chapter 4.   
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Chapter 2: Optimization of immunolabeling and clearing techniques 

for indelibly-labeled memory traces across the entire brain 

The results described in this chapter, for which the relevant publication information and a copy 

of the published manuscript may be found in Appendix B, were spearheaded by Dr. Ina 

Pavlova, a postdoctoral researcher in the lab, with assistance from Shannon Shipley, an 

undergraduate student, and myself. My contributions to this work included helping to develop 

and optimize the final CUBIC with Reagent-1A* protocol; performing some of the clearing and 

imaging, primarily with CUBIC and uDISCO; and conducting the image analysis. The tissue 

processing and imaging strategies developed here form the basis for the protocol used in 

Chapter 4, and the image analysis techniques represent the first steps in my development of the 

analysis pipeline described in detail in Chapter 3. 

 

2.1 Introduction 

Visualization of molecular tissue structures is an essential tool in many biological and medical 

disciplines. Tissue visualization is made possible by immunolabeling of molecular structures. 

However, the application of these techniques has historically been limited to thin tissue sections 

due to the inability of photons and molecular labels to penetrate deep tissue. Moreover, tissue-

slicing techniques often compromise the structural integrity of the tissue and the molecular 

circuitry within it. To avoid these problems and instead image intact tissue without slicing, the 

molecules that prevent photons and antibodies from deep tissue penetrationðlipidsðmust be 

cleared from the tissue.  

 In order to accomplish this, several techniques have been developed in recent years: 

3DISCO56,57, ClearT258, SeeDB59, CLARITY60,61, PACT62, CUBIC63,64, iDISCO65, and SWITCH66. 

By optimizing for time, cost, preservation of structural integrity, and endogenous and/or 

exogenous fluorescence, these techniques render the intact tissue transparent while preserving 
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fine-wiring and molecular structures. These methods grant unprecedented access to neural 

activity, neural projections, and gene expression across the entire brain54,67ï69. 

 The brain-wide insights offered by tissue clearing are particularly important for the study 

of memory traces (i.e., engrams). Through extensive investigation in recent years, memory 

traces have been found in several cross-brain regions, including the hippocampus (HPC) and 

various neocortical regions33,51,70ï73. However, much is still unknown about the mechanisms by 

which memories are formed and retrieved, or how memories are stored together across different 

brain regions. To better study memories, we previously developed an indelible system, the 

ArcCreERT2 transgenic mouse33, that allows for the comparison between permanently labeled 

eYFP+ neurons activated during learning and recently labeled Arc+ or c-Fos+ cells activated 

during memory retrieval. By using this mouse line in combination with a clearing technique that 

allows imaging of the entire mouse brain, the cross-brain circuitry of memory traces can be 

studied. Therefore, such a clearing technique must allow for successful, thorough, and precise 

antibody penetration for eYFP and Arc/c-Fos.    

 In this study, we developed a modified clearing method using the aforementioned 

clearing protocols that yielded expression and/or immunolabeling of eYFP and Arc/c-Fos in mm-

thick tissue slices from the ArcCreERT2 line. iDISCO and CUBIC were superior to CLARITY and 

PACT for labeling Arc and c-Fos; however, without modification, none of these methods yielded 

satisfactory labeling. To overcome this, we: 1) improved the solutions used during iDISCO 

immunolabeling and clearing to decrease fluorescence quenching; 2) identified a set of 

antibodies termed nanobodies that achieved relatively uniform labeling; and 3) modified 

incubation periods, antibodies, and antibody concentrations to streamline the protocol. Our 

results show that an improved protocol based on CUBIC with Reagent-1A, which we term 

CUBIC with Reagent-1A*, achieves satisfactory co-labeling. Together, these results provide 

optimized clearing protocols that yield representative eYFP fluorescence and Arc/c-Fos 

immunolabeling. 
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2.2 Materials and Methods 

Mice 

The ArcCreERT2 mice were generated and genotyped as previously described33. ArcCreERT2(+) 

mice were bred with ROSA26-CAG-stopflox-ChR2(H134R)-eYFP (Ai32)36. ArcCreERT2 mice 

were also bred with a Rosa26-LSL-H2B-mCherry line74. Mice were housed 4-5 per cage in a 12-

h (06:00-18:00) light-dark colony room at 22°C. Food and water were provided ad libitum. The 

procedures described herein were conducted in accordance with National Institutes of Health 

regulations and approved by the Institutional Animal Care and Use Committee (IACUC) of the 

New York State Psychiatric Institute (NYSPI).  

 

Contextual Fear Conditioning (CFC) 

ArcCreERT2 mice were administered a CFC procedure as previously described33. For context 

exposure, mice were re-exposed to the training context and euthanized 1 h later in order for 

optimal Arc or c-Fos protein expression.  

 

4-hydroxytamoxifen (4-OHT)  

Five hours before CFC, ArcCreERT2 mice were injected with 2 mg of 4-OHT as previously 

described37. ArcCreERT2 x H2B-mCherry mice were injected with vehicle (Veh) or 1 mg of 4-

OHT. 

 

Brain processing 

Mice were transcardially perfused with 4% paraformaldehyde (PFA). Brains were further fixed in 

4% PFA at 4 C̄ overnight. Next, brains were cut into half-brain samples or into 4-mm-, 2-mm-, or 

1-mm-thick coronal slices using a manual brain cutter. All prescreening experiments were 

performed on 35- or 100-micron thick coronal slices, which were obtained by immersing whole 
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brains in 4% PFA overnight, then in 30% sucrose at 4 C̄ for 3 d, followed by snap-freezing in 

OCT medium and slicing on a Leica CM 3050 cryostat.  

 

General Immunohistochemistry Protocol 

Briefly, for immunohistochemistry, samples were blocked for 2 h, and then washed in 1X 

PBS/0.2% Tween-20 with 10 ɛg/ml heparin (PTwH) 3 times for 10 min each at room 

temperature (RT). Samples were then incubated in primary antibody dilutions for 48 h at 4ºC. 

Samples were washed again in PTwH 3 times for 10 min each at RT and then placed in 

secondary antibody dilutions in PTwH/3% normal donkey serum (NDS) for 2 h at RT. Finally, 

samples were washed in PTwH 3 times for 10 min each at RT before mounting and imaging. 

 

Antibodies and Nanobodies  

For eYFP whole antibody immunolabeling, a primary chicken anti-GFP antibody (1:100 to 

1:1000, GFP-1020, Aves Labs, Tigard, OR) and a secondary donkey anti-chicken antibody 

conjugated to Cy2 (1:500, Jackson ImmunoResearch, West Grove, PA) were used. For 

nanobody labeling, an anti-GFP nanobody directly conjugated to a fluorophore (GFP 

Nanobooster Atto488, 1:50, Chromotek, Aachen, Germany) was used. For Arc immunolabeling, 

a primary rabbit anti-Arc antibody (1:100 to 1:1000, SySy, Göttingen, Germany) and a 

secondary donkey anti-rabbit antibody conjugated to Cy3 (1:500, Jackson ImmunoResearch, 

West Grove, PA) or a secondary donkey anti-rabbit antibody conjugated to Alexa Fluor 647 

(1:500, Life Technologies, Carlsbad, CA) were used. For c-Fos immunolabeling, a primary 

rabbit anti-c-Fos antibody (rabbit anti-c-Fos, 1:5000, SySy, Göttingen, Germany) and a 

secondary donkey anti-rabbit antibody conjugated to Alexa Fluor 647 (1:500, Life Technologies, 

Carlsbad, CA) were used. Samples were also labeled with a general TO-PRO®-3 Iodide 

(1:5000, Molecular Probes, Eugene, OR) nuclear stain.  
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CLARITY  

CLARITY was performed on 4-mm thick tissue slices and half mouse brains as previously 

described61. Hydrogel concentration was varied from 4% PFA/4% Acrylamide/0.025% 

Bisacrylamide to 4% PFA/1% Acrylamide/0.025% Bisacrylamide. The best clearing of 

ArcCreERT2 x ChR2-EYFP tissues was achieved by utilizing a 4% PFA/2% Acrylamide/0.025% 

Bisacrylamide hydrogel concentration, and electrophoretic tissue clearing (ETC) for 5 days at 

37°C and 0.6-0.7 A. Immunolabeling and refractive index (RI) matching was also performed as 

previously described61. For EYFP immunolabeling, a primary chicken anti-GFP antibody (GFP-

1020, 1:100, Aves, Tigard, OR) and a secondary donkey anti-chicken antibody conjugated to 

Cy2 (1:500, Jackson ImmunoResearch, West Grove, PA) was used. For Arc immunolabeling, a 

primary rabbit anti-Arc antibody (rabbit anti-Arc, 1:100, SySy, Göttingen, Germany) and a 

secondary donkey anti-rabbit antibody conjugated to Cy3 (1:500, Jackson ImmunoResearch, 

West Grove, PA) was used.  

 

Modified CLARITY 

A modified CLARITY procedure was also performed on 4-mm thick tissue slices as previously 

described75. A 3% PFA/3% Acrylamide/0.025% Bisacrylamide hydrogel concentration was 

utilized, and ETC was performed first for 5 days at 37°C and 0.78 A, and next for 1 day at 50°C 

and 0.78 A. No immunolabeling was performed on samples cleared with the modified CLARITY 

procedure.  

 

PACT 

PACT with immunolabeling for Arc and GFP was performed on 4-mm thick tissue slices and half 

mouse brains as previously described62. The hydrogel concentration was 4% PFA/4% 

Acrylamide/0% Bisacrylamide, and the duration of passive clearing was 14 days at 37°C. 
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Immunolabeling of cleared samples with the same antibodies, incubation time, and temperature 

was performed as listed above in the CLARITY procedure.  

 

iDISCO  

The iDISCO protocol was followed as previously described65. Briefly, prior to whole antibody 

immunolabeling, 4-mm thick tissue slices were permeabilized by a MeOH pre-treatment step. 

For samples labeled with the anti-GFP nanobody, a sample pre-treatment step without MeOH 

that relies on a cocktail of detergents to permeabilize the tissue was performed. Next, samples 

were immunolabeled with 2 ml of primary antibody or nanobody mixture for 4-5 days at 37ºC, 

followed by 1 day of washing at RT. Next, samples were immunolabeled with 2 ml of secondary 

antibody mixture for 4 days at 37ºC. Finally, all samples were washed for 2 days and cleared 

with a sequence of organic solvents: tetrahydrofuran (THF), dichloromethane (DCM), and 

dibenzyl ether (DBE).  

 To test if iDISCO clearing solutions quench endogenous eYFP fluorescence, 4-mm-thick 

sections were treated only with the fixation and clearing steps of the iDISCO protocol. After 4% 

PFA fixation, samples were washed in 1X PBS 3 times for 1 h each, and dehydrated with 50% 

THF (in ddH2O), 80% THF, 100% THF, and 100% THF as described in the original iDISCO 

protocol65. To test the effect of other organic dehydration solvents on endogenous eYFP signal, 

THF was replaced with MeOH, tert-Butanol, or buffered tert-Butanol. After dehydration, samples 

were further cleared with DCM and DBE as previously described65. To decrease tissue 

oxidation, all organic solvent steps were performed under vacuum at RT. tert-Butanol was 

buffered to pH 9.5 using triethylamine (3EtN) (1:118 dilution). 

 For alternative eYFP whole antibody immunolabeling, a primary chicken anti-GFP 

antibody (1:500, Abcam Cat# ab13970, Cambridge, UK) and a secondary donkey anti-chicken 

antibody conjugated to Cy2 (1:500, Jackson ImmunoResearch, West Grove, PA) was used.  

Nanobody prescreening  
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Floating sections were washed in 1X PBS 3 times for 10 min each. Samples underwent a 

MeOH dehydration series at 20, 40, 60, 80, and 100% MeOH/1X PBS for 2.5 hours, followed by 

bleaching with 30% H2O2/70% MeOH for 10 min. Control samples were incubated in 1X PBS for 

2.5 h. Finally, all samples were washed in 0.2% PBST 3 times for 10 min each.  

Organic solvent prescreening  

Samples were washed in 1X PBS 3 times for 10 min each. Samples then underwent a 2.5 h 

dehydration sequence, which included 35 min washes in 50, 80, and 100% of the respective 

solvent in 1X PBS (MeOH, tert-Butanol, buffered tert-Butanol, and THF). Buffered tert-Butanol 

was prepared as previously described (Schwarz et al., 2015). For buffered tert-Butanol 

experiments, tert-Butanol and 1X PBS used in the dehydration sequence were buffered to pH 

9.5 using 3EtN (1:118 dilution). 

 

CUBIC 

The CUBIC protocol was performed as previously described64. Four-mm coronal slices were 

treated by the simple immersion protocol and were incubated first in 50% H2O-diluted reagent-1 

for 12 h at RT, and next in reagent-1 for 4 days at 37°C. The slices were then washed in 1X 

PBS at RT 3 times for 2 h each time and immunolabeled for Arc first with 2 ml of primary 

antibody mixture for 3 days at 37ºC, followed by 6 h of washing, and then with 2 ml of 

secondary antibody mixture for 3 days at 37ºC. The primary antibody mixture consisted of 0.1% 

PBST, 3% NDS, and a rabbit anti-Arc primary antibody (1:200). The secondary antibody mixture 

consisted of 0.1% PBST, 3% NDS, a secondary donkey anti-rabbit antibody conjugated to Cy3 

(1:500), and TO-PRO®-3 Iodide (1:5000). After immunolabeling the slices were washed in 1X 

PBS for 6 h and briefly fixed in 0.5% PFA for 2 h at RT. Slices were further cleared in 1/2-PBS-

diluted reagent-2 for 12 h at RT and next in reagent-2 for 12 h at RT. 

 

CUBIC with Reagent-1A / CUBIC with Reagent-1A* 
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CUBIC with Reagent-1A protocol was previously reported to optimize endogenous fluorescence 

preservation from reporter proteins after tissue clearing76. One-mm thick tissue slices were 

treated with the same tissue treatment, immunolabeling, and clearing procedure as in the 

original CUBIC with Reagent-1A protocol, but with a decreased amount of Triton (10% weight 

(wt)), Urea (10% wt), and Quadrol (5% wt). Moreover, to achieve uniform thick-tissue Arc 

immunolabeling, we utilized a lower dilution factor of the rabbit anti-Arc primary antibody (1:500) 

and a 5-day incubation period for the primary and secondary antibody immunolabeling steps. 

For deeper imaging and reduced autofluorescence, a secondary donkey anti-rabbit antibody 

conjugated to red-shifted Alexa Fluor 647 (1:500, Life Technologies, Carlsbad, CA) was used. 

For the c-Fos immunolabeling, we utilized a primary rabbit anti-c-Fos antibody (1:500) and the 

same secondary antibody as for the Arc immunolabeling (1:500). We term these modifications 

CUBIC with Reagent-1A*.  

 

Confocal Microscopy Imaging 

All samples were imaged on a confocal scanning microscope (Leica TCS SP8, Leica 

Microsystems Inc.) with 2 simultaneous PMT detectors. Fluorescence from 1) endogenous 

eYFP, tissue autofluorescence, Cy2, or Atto-488 was excited at 488-nm and detected at 500-

545 nm, 2) Cy3 was excited at 552- and detected at 565-610 nm, and 3) Alexa Fluor 647 and 

TO-PRO®-3 Iodide were excited at 634 nm and detected at 645-700 nm.  

 Thirty-five ɛm-thick sections were imaged with a dry Leica 20X objective (NA 0.70, 

working distance 0.5 mm), with a pixel size of 1.08 x 1.08 ɛm, a z step of 1.5 ɛm, and at 1 f/s. 

Thick tissue samples were imaged with a dry Leica 10X objective (NA 0.30, working distance 10 

mm), with a pixel size of 2.16 x 2.16 ɛm, a z step of 10-100 ɛm, and at 1 f/s. Several fields of 

view were stitched together to form tiled images by using an automated stage as well as the 

tiling function and algorithm of the LAS X software.   
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Image Processing and Analysis 

Maximum projections of z stacks were performed using ImageJ (NIH, https://imagej.nih.gov/ij/, 

RRID:SCR_003070) by using virtual stack modes. CellProfiler (http://cellprofiler.org) was used 

for automated cell counting. 

 

2.3 Results 

ArcCreERT2 mice allow for memory trace labeling in mm-thick tissue slices 

The cross-brain circuitry of memory traces can be studied by utilizing our indelible labeling 

system, the ArcCreERT2 x ChR2-eYFP mice33,36 (Figure 2.1A), with a thick tissue clearing and 

immunolabeling technique. Our transgenic system offers robust and permanent eYFP labeling 

of neurons activated during learning (Figure 2.1B-C). This population can then be compared 

with cells expressing Arc or c-Fos protein that are activated during memory retrieval or 

expression (Figure 2.1D-G). Although counting cells with dendritic labeling is possible, we 

hypothesized utilizing a line with a nuclear tag rather than a dendritic label may better facilitate 

automated counting. 

 Therefore, we also bred the ArcCreERT2 mice with H2B-mCherry mice74, which allow for 

permanent nuclear mCherry labeling of neurons activated during learning (Figure 2.1H). To 

verify the specificity of mCherry expression, ArcCreERT2 mice were injected with Veh (Figure 

2.1I-J) or 1 mg of 4-OHT (Figure 2.1K-L) in the home cage or 1 mg of 4-OHT before CFC 

(Figure 2.1M-N). mCherry+ cells were visible in the HPC of both Veh- and 4-OHT-injected home 

cage mice, and the mCherry expression was similar to that observed in 4-OHT-injected CFC 

mice, indicating that mCherry expression induced by 4-OHT injection is not specific to activated 

neurons during CFC. Therefore, because the ArcCreERT2 x H2B mCherry mice have significant 

labeling in the absence of drug and do not produce representative reporter expression, the 

ArcCreERT2 x ChR2-eYFP mice were determined to best meet experimental needs. 

http://imagej.nih.gov/ij/)
http://imagej.nih.gov/ij/)
http://cellprofiler.org/
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Figure 2.1: ArcCreERT2 x ChR2-eYFP mice allow for robust memory trace labeling.  
(A) Genetic design for ArcCreERT2 x ChR2-eYFP mice. (B-C) eYFP, (D-E) Arc, and (F-G) merged 
immuno-labeling in a 35-micron section. Scale bar represents 0.25 mm. (H) Genetic design for 
ArcCreERT2 x H2B-mCherry mice. Endogenous expression of reporter mCherry in 100 micron 
sections from a mouse administered (I-J) Veh injections in the home cage; (K-L) a 4-OHT injection (1 
mg) in the home cage; or (M-N) 4-OHT injection (1 mg) prior to CFC. Scale bar represents 0.25 mm. 
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 Moreover, automated counting of eYFP + and Arc/c-Fos+ cells is possible using the 

ArcCreERT2 x ChR2-eYFP mice (Figure 2.2), suggesting that it is an appropriate model for 

labeling and automated quantification of whole-brain memory traces. Since our goal was to 

develop an immunolabeling and clearing technique compatible with the ArcCreERT2 mice, we 

chose the ChR2-eYFP mice as the reporter line because the eYFP expression is representative 

of endogenous Arc expression and because automated analysis is possible with the label. 

 

CLARITY and PACT do not permit uniform Arc immunolabeling or preserve endogenous 

eYFP fluorescence 

Intact-tissue immunolabeling for eYFP and Arc was first attempted on 4-mm mouse brain tissue 

sections using CLARITY61. CLARITY, a hydrogel embedding clearing method, clears the brain 

in 5 main steps: 1) fixation, 2) hydrogel embedding, 3) lipid clearing with SDS detergent and 

ETC, 4) immunolabeling, and 5) RI matching with FocusClear (Figure 2.3A). Brains cleared 

 
Figure 2.2: Automated versus manual counting of Arc+ and eYFP+ cells in the DG of 
ArcCreERT2 x ChR2-eYFP mice.  
A representative confocal micrograph from a 35-micron thick tissue section showing automated cell 
counts (red outlines) in (A) Arc+ immunolabeled cells and (B) eYFP+ immunolabeled cells. N indicates 
number of cells counted: automated in red and manual in white. (C) Automated counting produces the 
same results as manual counting for Arc+ cells, and slightly higher results for eYFP+ cells. The bar 
graph shows the average automated Arc+ and eYFP+ cell counts divided by the manual count (n = 4 
sections per group). 
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using CLARITY became relatively clear initially but turned opaque following the final wash 

(Figure 2.3B). To improve transparency, hydrogel concentration was varied from 4% PFA/4% 

Acrylamide/0.025% Bis-acrylamide to 4% PFA/1% Acrylamide/0.025% Bis-acrylamide (Figure 

2.3C). While optimal clearing was achieved with a 4% PFA/2% Acrylamide/0.025% Bis-

acrylamide hydrogel concentration and ETC for 5 days at 37°C and 0.6-0.7 A (Figure 2.3D), no 

deep tissue Arc immunolabeling was observed with this protocol, as the antibody remained in 

the tissue periphery (Figure 2.3E). 
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Figure 2.3: CLARITY protocol results in inefficiently cleared tissue and edge effect in 
ArcCreERT2 x ChR2-eYFP brain tissue.  
(A) Experimental schematic. (B) CLARITY of ArcCreERT2 x ChR2-eYFP brain tissue. (C) Decreasing 
the amount of acrylamide increases tissue transparency but decreases tissue preservation. (D) ETC 
treatment results in significant tissue swelling. (E) CLARITY results in unsatisfactory Arc 
immunolabeling. Scale bar represents 1 mm. 
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 In an additional attempt to improve transparency, a modified CLARITY procedure was 

performed on 4-mm thick tissue slices as previously described75. A 3% PFA/3% 

Acrylamide/0.025% Bis-acrylamide hydrogel concentration was utilized, and ETC was 

performed first for 5 days at 37°C and 0.78 A, and next for 1 day at 50°C and 0.78 A (Figure 

2.4A). However, samples that were processed using this ETC procedure showed no improved 

transparency or integrity compared to CLARITY and showed quenched endogenous eYFP 

fluorescence compared with samples that were passively cleared (Figure 2.4B-C). We again 

varied the hydrogel concentrations in order to potentially preserve eYFP fluorescence, but there 

was still no fluorescence remaining post-clearing (Figure 2.4D-E). These data indicate that the 

modified CLARITY protocol does not preserve endogenous eYFP fluorescence in the 

ArcCreERT2 x ChR2-eYFP mice.  
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Figure 2.4: Modified CLARITY protocol does not preserve endogenous eYFP fluorescence in 
ArcCreERT2 x ChR2-eYFP brain tissue.  
(A) ETC involved clearing for 5 days at 37°C, followed by an additional day at 50°C. ETC treatment 
swelled the tissue. (B-C) Confocal micrograph images of endogenous eYFP fluorescence 0.1 mm 
below the tissue surface of a 4-mm-thick tissue at different stages of (B) ETC and (C) passive 
clearing. Scale bar represents 1 mm. (D-E) Confocal micrograph images of endogenous eYFP 
fluorescence 0.1 mm below the tissue surface of 4-mm-thick tissues with different hydrogel 
concentrations. Scale bar represents 0.25 mm. 
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 PACT62, another hydrogel embedding clearing method, was also screened, but exhibited 

unsatisfactory preservation of tissue integrity (i.e. greatly distorted the tissue) and did not allow 

for Arc or GFP immunolabeling (Figure 2.5). It also quenched the endogenous eYFP 

fluorescence signal (data not shown). In summary, these data indicate that CLARITY and PACT 

are not ideal clearing methods for preserving endogenous eYFP fluorescence or for uniform 

immunolabeling in the ArcCreERT2 x ChR2-eYFP line. 
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Figure 2.5: PACT results in inefficient labeling of Arc in ArcCreERT2 x ChR2-eYFP brain tissue.  
(A) Experimental schematic. (B-E) The PACT procedure results in an enlarged brain following passive 
SDS clearing. (F-G) PACT resulted in (F) non-specific Arc immunolabeling at 0.14 mm below the cut 
surface and (G) no Arc immunolabeling at 0.7 mm below the cut surface. Furthermore, eYFP 
immunolabeling was not visible at any depth (data not shown). Scale bar represents 1 mm. 
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iDISCO results in uniform immunolabeling of Arc, but not eYFP  

iDISCO, an organic solvent-based clearing method, renders the brain transparent through 4 

main steps: 1) fixation, 2) dehydration with MeOH, 3) immunolabeling, and 4) lipid clearing with 

THF, DCM, and DBE (Figure 2.6A). iDISCO produced extremely clear tissue, with less tissue 

distortion relative to CLARITY (Figure 2.6B-D). Arc immunolabeling in iDISCO-cleared tissue 

was excellent, with deep-tissue, uniform labeling (Figure 2.7A-C). However, Arc immunolabeling 

decreased when tissue was co-labeled for eYFP with anti-GFP antibodies (Figure 2.7D-F). GFP 

immunolabeling was satisfactory only at the tissue periphery but was poor in deep tissue (Figure 

2.7G-H), producing an ñedge effect.ò Compared to PACT and CLARITY, iDISCO resulted in 

uniform immunolabeling of Arc+, but not eYFP+
, cells in intact mouse brain tissue. 
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Figure 2.6: iDISCO protocol results in efficient clearing of ArcCreERT2 x ChR2-eYFP brain 
tissue, but unsatisfactory GFP labeling even with an alternative GFP antibody.  
(A) Experimental schematic. (B-D iDISCO results in cleared brain tissue with minimal tissue 
deformation. (E) Tissue dehydration (in the clearing step) with MeOH, rather than THF, tert-Butanol, or 
buffered Bert-butanol, results in the best tissue clearing. (F-H) Confocal micrograph images of the 
HPC in 4-mm thick tissue at (f) 300 microns, (g) 600 microns, and (h) 800 microns below cut surface. 
eYFP labeling with alternative anti-GFP antibody (1:500, Abcam, Ab 13970, Cambridge, MA) did not 
improve eYFP labeling. Scale bar represents 0.25 mm. 
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Figure 2.7: iDISCO results in uniform intact-tissue Arc, but not GFP immunolabeling. 
Arc antibody staining penetrates throughout the brain tissue. Representative micrographs of Arc 
immunolabeling in coronal sections at (A) 500 microns, (B) 750 microns, and (C) 1000 microns below 
the cut surface of a 4-mm thick tissue section. Representative micrographs of (D) GFP, (E) Arc, and 
(F) merged immunolabeling in iDISCO-processed brains at 200 microns below the cut surface. (G-H) 
Micrographs of GFP, Arc, and TO-PRO®-3 immunolabeling in the DG at (G) 100 microns and (h) 200 
microns below the cut surface. GFP immunolabeling is only present on the edge of the tissue. Scale 
bar represents 0.25 mm. 



35 
 

Strategies for improving eYFP immunolabeling in iDISCO 

Two aspects of the iDISCO pipeline were hypothesized to improve deep tissue eYFP 

immunolabeling: 1) the amount or size of the antibody, and 2) the organic solvents used for 

tissue dehydration. First, we tested if the GFP ñedge effectò could be resolved by optimizing the 

anti-GFP antibody concentration (Figure 2.8). While the GFP ñedge effectò was more 

pronounced at higher antibody concentrations, changes in antibody concentration did not lead 

to any improvements in deep tissue eYFP immunolabeling. This is in contrast to the Arc 

antibody, for which higher concentrations produced better labeling. 
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Figure 2.8: For iDISCO-cleared brains, decreasing GFP antibody concentration improves 
immunolabeling, while increasing Arc antibody concentration improves immunolabeling.  
(A-B) Confocal micrograph images of (A) the HPC and (B) the entire tissue slice showing GFP 
antibody labeling. (C) Confocal micrograph images of the HPC showing Arc antibody labeling. 
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 We then tested if the ñedge effectò was a result of the GFP antibody being too large to 

penetrate deep tissue and instead accumulating on the brainôs periphery. To test this, we 

utilized a smaller-sized alternative: a GFP nanobody77, which functions as the isolated binding 

region of the antibody (Figure 2.9A-B). Thin brain sections stained with GFP nanobody exhibited 

significantly greater fluorescence intensity than unlabeled sections, but significantly lower 

fluorescence intensity than whole-antibody labeled sections (Figure 2.9C-F). Despite this 

intensity difference, the nanobody yielded robust staining in ArcCreERT2 x ChR2-eYFP sections. 

 Since the binding properties of some antibodies are affected by tissue dehydration using 

organic solvents such as MeOH, we tested whether the nanobody was compatible with the 

iDISCO MeOH dehydration step prior to immunolabeling. When the thin tissue sections were 

dehydrated in MeOH, GFP nanobody staining was lost, indicating that MeOH negatively impacts 

nanobody labeling (Figure 2.9G-H). In summary, these experiments suggest that if the GFP IgY 

antibody is indeed too large to penetrate deep tissue, the smaller GFP nanobody may be a 

viable alternative, but will require using a dehydration solvent different than MeOH. 
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Improving dehydration solvents for compatibility with the GFP nanobody 

We identified three solutions as alternatives to MeOH in the dehydration step of the iDISCO 

protocol (Figure 2.10A). First, we selected a detergent-based solution offered by Renier et al. 

 
Figure 2.9: GFP nanobody yields effective immunostaining but is impacted by MeOH 
dehydration.  
(A) Schematic. (B) Proposed diagram of antibodies and nanobodies diffusing through brain tissue. (C) 
Endogenous eYFP, (D) GFP-booster Atto-488 nanobody, and (E) GFP antibody staining in 35-micron 
thick tissues. Scale bar represents 0.25 mm. (F) GFP antibody staining produces the most robust 
signal when compared with the endogenous signal and nanobody staining (F (2,21) = 157.916, p < 
0.0001). (n = 8 sections per group). Error bars represent + SEM. (G-H) MeOH treatment impacts 
nanobody staining. Scale bar represents 0.25 mm. 
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(2014) for use with MeOH-incompatible antibodies (referred to here as iDISCO without MeOH). 

We also selected tert-Butanol and THF, as they appear to be less harsh on organic tissue78. 

Next, we assessed the intensity of GFP nanobody and GFP whole antibody staining in 35-

micron-thick tissue sections that were first dehydrated in one of the above solutions (1X PBS, 

MeOH, THF, iDISCO without MeOH solutions, or tert-Butanol) and then treated with the 

subsequent iDISCO pre-screening protocol steps (Figure 2.10B-P). Compared with 1X PBS-

treated slices (Figure 2.10B-D) and MeOH-dehydrated slices (Figure 2.10E-G), THF-dehydrated 

tissue slices exhibited exceptionally poor GFP nanobody staining (Figure 2.10H-J). In contrast, 

tissue slices treated with iDISCO without MeOH solutions (Figure 2.10K-M) and those 

dehydrated with tert-Butanol (Figure 2.10N-P) exhibited significantly greater GFP nanobody 

staining compared to MeOH-dehydrated slices (Figure 2.10E-G) and similar intensity staining 

compared to 1X PBS-treated slices (Figure 2.10B-D). 

 Buffering organic solvents has also been shown to improve fluorescent labeling78. 

Therefore, we assessed the intensity of GFP nanobody and GFP whole antibody labeling in 35-

micron-thick tissue sections that were dehydrated with buffered (to pH 9.5) tert-Butanol (Figure 

2.10Q-S), showing that buffered tert-Butanol did improve GFP nanobody labeling compared to 

un-buffered tert-Butanol (Figure 2.10N-P). Based on these results, the iDISCO without MeOH 

solutions and buffered tert-Butanol were identified as nanobody-compatible alternatives to the 

MeOH dehydration step in the iDISCO protocol. 
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Figure 2.10: Organic solvents commonly used in iDISCO differentially affect GFP staining.  
(A) Experimental schematic. iDISCO immunolabeling of the DG in 35-micron thick sections from 
ArcCreERT2 x ChR2-eYFP mice. Micrographs of coronal sections for endogenous eYFP label, GFP 
Booster nanobody immunostaining, and GFP antibody immunostaining when dehydrated in: (B-D) 1X 
PBS, (E-G) MeOH, (H-J) THF, (K-M) iDISCO without MeOH solutions, (N-P) tert-Butanol, or (Q-S) 
buffered tert-Butanol. Laser power was increased as noted for optimal comparison. The scale bar 
represents 0.25 mm. 
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 We tested the validity of these results on thick tissues by treating 4-mm thick tissue 

sections with this modified iDISCO protocol; MeOH in the pre-immunolabeling dehydration step 

was replaced with either iDISCO without MeOH solutions or buffered tert-Butanol (Figure 2.11), 

labeling was performed with GFP nanobody, and the top 100 microns of tissue was imaged both 

immediately after immunolabeling (pre-clearing) and after clearing (post-clearing) (Figure 2.11A-

D). GFP nanobody labeling was observed only in the tissue treated with the iDISCO without 

MeOH solutions (Figure 2.11D), suggesting that that the longer dehydration with buffered tert-

Butanol negatively affects GFP nanobody binding. Moreover, there was significant 

autofluorescence seen following the buffered tert-Butanol procedure compared to the iDISCO 

without MeOH procedure (Figure 2.11C-D). Therefore, based on these results, the iDISCO 

without MeOH solutions, rather than the buffered tert-Butanol, was identified as the best 

nanobody-compatible alternative to MeOH dehydration. 

 When the iDISCO without MeOH detergents and GFP nanobody immunolabeling were 

tested on 4-mm thick tissue sections, the sections exhibited uniform labeling throughout the 

tissue (Figure 2.11E-F), resolving the ñedge effectò seen with the GFP whole antibody. 

However, when performed with Arc co-staining (Figure 2.11G-H), sections again exhibited GFP 

nanobody immunolabeling prior to final clearing, but the labeling was diffuse and indistinct post-

clearing, most likely due to the nanobodyôs already lower fluorescence intensity relative to the 

GFP whole antibody. These findings suggest that, while it can decrease the ñedge effect,ò 

nanobody labeling does not result in robust labeling in ArcCreERT2 x ChR2-eYFP tissue.  

iDISCO solvents increase autofluorescence and quench endogenous eYFP fluorescence  

Because satisfactory eYFP and Arc/c-Fos co-immunolabeling could not be achieved with any of 

the aforementioned protocols, we asked whether we could achieve satisfactory signal from 

endogenous eYFP fluorescence, which has not been previously reported using the iDISCO 

technique65. To test this, 4-mm-thick tissue sections were treated with the fixation and clearing 

steps of the iDISCO protocol and imaged before (in PBS) and after clearing (in DBE) (Figure 
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2.12). Endogenous eYFP fluorescence in ArcCreERT2(+) x ChR2-eYFP (+/f) mice was observed 

pre-clearing but was lost post-clearing and disrupted by an excess amount of autofluorescence. 

 

 
Figure 2.11: GFP nanobodies readily diffuse through thick tissue sections; however, are 
negatively impacted by iDISCO.  
Pre-clearing confocal images of 4-mm thick ArcCreERT2 x ChR2-eYFP tissue sections immunolabeled 
with GFP-booster Atto-488 nanobodies and treated with (A) buffered tert-Butanol or (B) iDISCO 
without MeOH. Post-clearing confocal images of 4-mm thick ArcCreERT2 x ChR2-eYFP tissue 
sections immunolabeled with GFP-booster Atto-488 nanobodies and treated with (C) buffered tert-
Butanol or (D) iDISCO without MeOH. (E-F) Post-clearing confocal images of 4-mm thick ArcCreERT2 
x ChR2-EYFP tissue sections immunolabeled with (E) Anti-GFP antibody or (F) Nanobody. (G-H) 
Confocal images of a 2-mm thick ArcCreERT2 x ChR2-eYFP tissue section immunolabeled with GFP-
booster Atto-488 nanobody and anti-Arc antibodies. Images were taken after clearing at 0.5 mm below 
the cut surface. Scale bar represents 0.25 mm. 
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 We hypothesized that limiting the amount of oxygen exposure may decrease this 

autofluorescence. To test this, we performed the iDISCO protocol on un-stained (ArcCreERT2(-) 

x ChR2-eYFP (+/f)) thick tissue sections in air and under vacuum conditions (Figure 2.12) and 

imaged them both pre-clearing and post-clearing. Increased autofluorescence appeared in the 

in-air sample post-clearing but decreased in the sample cleared under vacuum when oxygen 

exposure was limited. 

 

 
Figure 2.12: iDISCO organic solvents increase tissue autofluorescence and quench 
endogenous eYFP fluorescence in ArcCreERT2 x ChR2-eYFP brain tissue.  
(A-C) Confocal micrograph images of unlabeled 4-mm-thick ArcCreERT2 (+) x ChR2-EYFP (+/f) tissue 
taken (A) before and (B-C) after clearing performed in open air. (D-F) Confocal micrograph images of 
unlabeled 4-mm-thick ArcCreERT2 (-) x ChR2-eYFP (+/f) tissue taken (D) before and (E-F) after 
clearing performed in open air. (G-H) Confocal micrograph images of unlabeled 4-mm-thick 
ArcCreERT2 (-) x ChR2-eYFP (+/f) tissue taken (G) before and (H) after clearing performed in vacuum. 
Scale bar represents 1 mm. 
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 Next, we hypothesized that the endogenous eYFP fluorescence is primarily quenched 

during the THF dehydration step of iDISCO clearing. We tested if other dehydration solventsð

such as MeOH, tert-Butanol, and buffered tert-Butanolðprevent endogenous eYFP quenching 

at this clearing sub-step (Figure 2.13). Images of 4-mm-thick tissue sections post-dehydration 

reveal that MeOH drastically quenched endogenous eYFP fluorescence when compared to 

THF. Dehydration with tert-Butanol and buffered tert-Butanol also appear to quench 

endogenous eYFP fluorescence, but to a lesser extent than THF. However, regardless of the 

dehydration solvent used, post-clearing images (in DBE) reveal that endogenous eYFP signal is 

minimal in cleared tissue at depths greater than 500 microns, confirming that iDISCO-based 

clearing, even with modified solvents, is not compatible with deep-tissue imaging of endogenous 

eYFP signal in the ArcCreERT2 x ChR2-eYFP mice.  
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Figure 2.13: iDISCO organic solvents quench endogenous eYFP fluorescence and limit deep 
tissue microscopy imaging of endogenous contrast to less than 1 mm below the tissue 
surface. 
Confocal micrograph images of endogenous eYFP fluorescence from 4-mm-thick tissues at different 
stages of the iDISCO clearing process using various dehydration solvents: (A-D) PBS pre-clearing, (E-
F) post-dehydration, (I-L) post-DBE (100 microns), (M-P) post-DBE (500 microns). Scale bar 
represents 1 mm. 
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CUBIC preserves endogenous eYFP fluorescence, but yields unsatisfactory Arc 

immunolabeling  

To identify a clearing protocol that preserves endogenous eYFP fluorescence in ArcCreERT2 x 

ChR2-eYFP tissue, we treated 4-mm-thick tissue sections with CUBIC63,64. CUBIC, a 

hyperhydration clearing technique, renders the brain transparent through 4 main steps: 1) 

fixation, 2) hyperhydration with an aqueous clearing solution, 3) immunolabeling, and 4) RI 

matching with a urea-containing solution. Our results show that while CUBIC (Figure 2.14A-C) 

preserved endogenous eYFP fluorescence better than iDISCO (Figure 2.14D-E) and permitted 

deep-tissue imaging (~1000 microns below cut surface) of endogenous eYFP signal, CUBIC is 

not compatible with GFP nanobody immunolabeling (Figure 2.14F-G) and does not allow 

uniform Arc immunolabeling in tissue deeper than 500 microns below the cut surface (Figure 

2.14H).  
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Figure 2.14: CUBIC preserves endogenous eYFP fluorescence, but does not permit deep-tissue 
Arc immunolabeling in ArcCreERT2 x ChR2-eYFP brain tissue.  
(A-C) Confocal micrographs of a CUBIC-treated 2-mm thick tissue section showing endogenous eYFP 
in (A) whole brain, (B) the HPC, and (C) CA1 region. (D-E) CUBIC preserves endogenous eYFP 
fluorescence better than iDISCO in ArcCreERT2 x ChR2-eYFP brain tissue. Images are from an optical 
section 0.5 mm below the cut surface. (F) Nanobody labeling does not boost endogenous eYFP 
labeling in CUBIC treated tissue. (G) Endogenous EYFP signal is imaged to 1000 microns below the 
cut surface. (H) Although Arc antibody labeling occurred up to 500 microns below the cut surface, it 
did not penetrate to CA3. Scale bars represent 0.25 mm. 
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CUBIC with Reagent-1A* best preserves endogenous eYFP fluorescence and yields 

uniform Arc immunolabeling   

We hypothesized that the limited Arc immunolabeling may be the result of incompatibility with 

the hyperhydrating aqueous clearing solution. To test this, CUBIC with Reagent-1A was 

performed76 (Figure 2.15). CUBIC with Reagent-1A preserved endogenous eYFP fluorescence 

up to 400 microns below the surface and allowed for Arc immunolabeling, but not uniformly 

throughout the tissue.  
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Figure 2.15: CUBIC with Reagent-1A satisfactorily preserves endogenous eYFP fluorescence 
and permits Arc immunolabeling in ArcCreERT2 x ChR2-eYFP brain tissue.  
(A) CUBIC with Reagent-1A experimental schematic. (B) CUBIC with Reagent-1A produces well-
cleared brains. (C-H) Confocal micrograph of a 1-mm thick tissue section at 0.4 mm below the cut 
surface following CUBIC with Reagent-1A treatment. (C-D) CUBIC with Reagent-1A preserves 
endogenous eYFP fluorescence up to 400 microns below the surface in the HPC and DG, 
respectively. (E-F) Arc immunolabeling occurs throughout the tissue; however, it is less intense in the 
middle (e.g., 400 microns) of the HPC and DG, respectively. (G-H) Merged images of endogenous 
eYFP and Arc immunolabeling in the HPC and DG, respectively. Scale bars represent 0.25 mm. 
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 To further improve Arc immunolabeling, we modified CUBIC with Reagent-1A, terming it 

CUBIC with Reagent-1A*. A new far-red secondary antibody was utilized for Arc, and the 

incubation time was increased. CUBIC with Reagent-1A* resulted in preservation of 

endogenous eYFP fluorescence (Figure 2.16A), allowing for visualization of cell bodies and 

dendrites in both the HPC (Figure 2.16B) and cortex (Figure 2.16C) up to 600 microns below 

the surface (Figure 2.16D-E) and uniform Arc immunolabeling in HPC and throughout the tissue 

section (Figure 2.16F-I). CUBIC with Reagent-1A* also permitted c-Fos immunolabeling in a 1-

mm thick tissue section (Figure 2.17). These data suggest that the CUBIC with Reagent-1A* is 

the best clearing technique to utilize with the ArcCreERT2 x ChR2-eYFP mouse model for 

preserving endogenous eYFP signal and for allowing Arc immunolabeling throughout the tissue.  
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Figure 2.16: CUBIC with Reagent-1A* best preserves endogenous eYFP fluorescence and 
permits Arc immunolabeling in ArcCreERT2 x ChR2-eYFP brain tissue.  
Confocal micrographs of a 2-mm thick tissue section showing endogenous eYFP in (A) half of a brain, 
(B) the DG, and (C) cortex region following CUBIC with Reagent-1A* treatment. CUBIC with Reagent-
1A* (D-E) preserves endogenous eYFP fluorescence, (F-G) permits Arc immunolabeling up to 600 
microns below the surface, and (H-I) allows for co-labeling of endogenous eYFP and Arc 
immunolabeling in the HPC and DG, respectively. Scale bars represent 0.25 mm. 
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Figure 2.17: CUBIC with Reagent-1A* permits c-Fos immunolabeling in ArcCreERT2 x ChR2-
eYFP brain tissue.  
Confocal micrograph of a 1-mm thick tissue section at (A) 250 microns, (B) 500 microns, and (C) 750 
microns below the cut surface showing c-Fos immunolabeling in the HPC following CUBIC with 
Reagent-1A* treatment. Scale bars represent 0.25 mm. 
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2.4 Discussion 

Here, we have piloted numerous whole-brain clearing techniquesðCLARITY, PACT, iDISCO, 

and CUBICðto effectively label and image memory traces in ArcCreERT2 x ChR2-eYFP mouse 

brains33 by preserving both endogenous eYFP fluorescence or immunolabeling for eYFP and 

co-labeling with Arc or c-Fos. The ChR2-eYFP reporter line can be used to study memory 

across long time periods via the indelible eYFP labeling that is representative of experience-

dependent Arc expression. The versatility and specificity of this line is not offered by all reporter 

lines, such as the mCherry reporter line tested here; however, we recognize that, because of its 

characteristic dense and dendritic labeling, the ChR2-eYFP line brings many challenges, which 

we worked toward resolving here.  

 iDISCO and CUBIC were superior to CLARITY and PACT in clearing and labeling 

ArcCreERT2 x ChR2-eYFP mouse brains. Yet, neither of the original methodsðiDISCO nor 

CUBICðoffered satisfactory Arc and eYFP co-labeling. Published data have shown that these 

methods efficiently clear whole brains with relatively sparsely-expressed antigens and 

reporters54,65,79. However, thick-tissue immunolabeling of densely-expressed antigens, such as 

in ArcCreERT2 x ChR2-eYFP mice brains, is challenging, an issue that has been recognized in 

recent literature66. We believe the original clearing protocols are tremendously useful, but our 

results show that they are not optimized for studying whole-brain memory traces in densely 

labeled lines, such as in the ArcCreERT2 x ChR2-eYFP mice.  

 In iDISCO-treated mm-thick tissue slices, Arc antibodies stained uniformly, but GFP 

staining did not fully penetrate the tissue, resulting in an ñedge effectò. The observed ñedge 

effectò resulted from the dense cortical eYFP label characteristic of the ArcCreERT2 x ChR2-

eYFP line, making thick-tissue antibody penetration and uniform labeling more difficult than in 

other mouse lines typically used for iDISCO studies, which have less dense cortical labeling65,79. 

To resolve this problem and allow GFP staining, several modifications were piloted, including 
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modifications of 1) antibodies and 2) organic solvents used for dehydrating, fixing, and clearing. 

As an antibody alternative, a GFP nanobody77 was piloted, which stained uniformly but with 

significantly less intensity than a GFP IgY antibody. The observed intensity discrepancy 

between the nanobody and whole antibody is not surprising, as the nanobody contains only one 

antigen-binding region while the whole antibody contains two, and the nanobody is not 

enhanced with a secondary antibody while the whole antibody is. Still, this discrepancy is 

important because the less intense fluorescence of the GFP nanobody may cause the GFP 

nanobody to fail at labeling and report dimmer signals on less fluorescent neurons. Regardless, 

considering that GFP nanobody did stain in sufficient quantities, results suggest that GFP 

nanobody may be used as a viable alternative to the whole antibody following future studies to 

enhance nanobody fluorescence. 

 Some of the organic solvents used in the original iDISCO protocol65, especially MeOH 

and THF, were shown to cause fluorescence quenching, especially of the GFP nanobody. tert-

Butanol, a higher-level organic solvent, negated the harmful effects of the MeOH on nanobody 

staining in thin tissue sections, and functioned even better when buffered to a higher pH. Our 

data in thin sections are in agreement with recent studies assessing the stability of endogenous 

fluorescent proteins when treated with various organic solvents78,80. Future buffering of iDISCO 

solutions holds promise in promoting immunolabeling and decreasing autofluorescence.  

 In thick tissue sections, GFP nanobody staining was not observed after tert-Butanol 

dehydration. This suggests that either 1) the longer tert-Butanol incubation period needed for 

thicker samples negatively affects the tissue and disrupts nanobody binding, or 2) tert-Butanol 

does not adequately dehydrate the tissue, rendering the nanobody unable to penetrate thick 

tissue. The latter possibility is supported by the finding that MeOH and THF cleared lipids better 

than tert-Butanol. Nevertheless, our results in thin and thick sections are in accord with past 

studies showing that, although MeOH is comparatively better at lipid clearing than its 

alternatives, MeOH is also more disruptive to proteins78,81. These studies also found that tert-
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Butanol preserves protein fluorescence significantly better than MeOH and other alternatives, 

which aligns with our thin section results. Likewise, studies showing that THF and MeOH clear 

lipids and water more aggressively than tert-Butanol may explain the poor nanobody penetration 

in thick sections treated with tert-Butanol56,57,81. Nevertheless, tert-Butanol is still an organic 

solvent, so the possibility that it, too, like MeOH and THF, may not be gentle enough to preserve 

nanobody labeling remains.  

 A recent whole-brain clearing and imaging technique, uDISCO, champions the use of 

tert-Butanol for improved endogenous signal preservation and immunolabeling80. We piloted this 

technique as well; however, in the ArcCreERT2 x ChR2 mice, endogenous eYFP fluorescence 

preservation and eYFP immunolabeling were both unsatisfactory (data not shown). Unlike tert-

Butanol, the iDISCO without MeOH solutions preserved nanobody fluorescence in thick 

sections. However, the nanobody labeling was diffuse, and determining co-labeling when the 

tissue was co-stained with Arc was infeasible.  

 The original CUBIC protocol preserves endogenous eYFP fluorescence in the HPC and 

cortex of the ArcCreERT2 line better than iDISCO. However, this protocol does not permit 

satisfactory Arc immunolabeling. The CUBIC with Reagent-1A protocol utilizes a modified 

hyperhydrating aqueous clearing solution, which preserves both endogenous eYFP and permits 

better Arc immunolabeling across the mm-thick tissue section, but labeling was not uniform.  

 To further improve Arc immunolabeling, we developed the CUBIC with Reagent-1A* 

protocol, utilizing an Alexa Fluor 647 instead of a Cy3 based secondary antibody and longer 

incubation periods. This protocol improves the depth and uniformity of endogenous eYFP and 

Arc immunolabeling and also permits c-Fos immunolabeling, thus providing a satisfactory 

clearing technique that is compatible with the ArcCreERT2 line. We hypothesized that the Alexa 

secondary antibody has better tissue diffusion than the Cy3 secondary antibody, improving the 

Arc immunolabeling with depth. Alexa Fluor 647 also has longer fluorescence excitation and 

emission compared to Cy3, allowing for deeper light propagation in thick tissue.  
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 The higher dilution factor of the primary antibody used in the original CUBIC with 

Reagent-1A protocol may have exaggerated the negative effects of the ArcCreERT2 lineôs dense 

cortical labeling, causing a less uniform label. Thus, the lower primary antibody concentration in 

CUBIC with Reagent-1A* may account for the more uniform labeling of Arc. Finally, increasing 

the incubation periods for the primary and secondary antibody immunolabeling steps from 3 

days to 5 days allowed the Arc antibody more time to completely and uniformly penetrate the 

tissue. Compared to other proposed methods, CUBIC with Reagent-1A* offers greater depth 

access (~2 mm below surface) and more reliable Arc and c-Fos immunolabeling with 

endogenous eYFP labeling. 

 In summary, we have improved the CUBIC with Reagent-1A protocol to develop a 

clearing method optimized for endogenous eYFP fluorescence and co-staining with Arc or c-Fos 

in mm-thick tissue sections from the ArcCreERT2 mouse model. For experimental needs that 

require eYFP immunolabeling, we have also improved the iDISCO protocol with the use of a 

GFP nanobody for satisfactory GFP and Arc or c-Fos co-staining in the ArcCreERT2 line. 

Together, our modified clearing methods offer compatibility with a variety of specific 

experimental needs and ultimately enable the study of memory traces in intact mm-thick brain 

tissue. Combining the unique brain-wide insights offered by CUBIC and iDISCO with the 

uniquely long timescale permitted by the ArcCreERT2 indelible system establishes a novel and 

functional approach to studying memory via memory trace maps and cross-brain circuits. Such 

studies will be critical to characterizing many neuropathologies, injuries, and disorders, including 

the disturbances associated with aging and Alzheimerôs disease, anterograde and retrograde 

amnesia, and post-traumatic stress disorder.  
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Chapter 3: Development of a Brain-Wide Engram Quantification 

Pipeline 

The results presented in this chapter have been published, in much less detail, in ñPropranolol 

decreases fear expression by modulating fear memory tracesò. My contributions to that study 

were entirely methodological: I developed the segmentation and registration pipeline described 

herein; was one of the principal architects, along with the first author Sofia Santos, of the 

correlational and network analysis; and wrote all of the code, primarily in R and ImageJ, for 

accomplishing the above. Therefore, in this chapter, I will focus on the development of the 

methods that made that study and the study of fear extinction that is the subject of Chapter 4 

possible. Readers interested in the experimental results concerning the administration of 

propranolol are referred to Appendix C or the online publication. 

 

3.1 Introduction 

Understanding the neuronal activity underlying memory formation and storage is a fundamental 

goal of neuroscience, and many technologies and techniques with different spatiotemporal 

resolutions have been developed over the years to examine this.82,83 One approach that has 

shown great promise over the past decade or so is the use of immediate early genes (IEGs).84 

IEGs, such as Arc, c-Fos, and zif268, are genes that are transcribed within minutes of a neuron 

firing, peak in expression within 1-2 hours, and then are quickly degraded.14 By labeling for 

these genes, it is therefore possible to visualize or manipulate neurons that were active during a 

specific time window, such as during the performing of a behavioral task or following retrieval of 

a specific memory. 

 Among the many strategies for visualizing IEGs, one powerful approach is the use of 

transgenic mice, such as the ArcCreERT2
 mouse line, in which an IEG promotor is used to drive 

expression of a reporter protein33. This mouse line offers several advantages over viral31 or in 
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situ hybridization16 approaches: 1) through the use of recombination technology, the fluorescent 

label of the ArcCreERT2 mice is permanent, allowing both for the labeling of multiple time points 

and for visualization of the memory trace days or weeks after the labeled events; 2) active cells 

are labeled throughout the entire brain, rather than in a pre-determined area, allowing for the 

analysis of activity in multiple brain regions and the potential discovery of previously unknown 

regions associated with the labeled task; and 3) no surgery or other highly impactful 

interventions are required. These advantages come with concomitant challenges, however. 

When analyzing single labels or single regions, it is possible to manually count labeled cells in a 

reasonable amount of time, but in order to fully capitalize on the potential of the ArcCreERT2 

mouse, more powerful techniques are required for imaging and counting across the entire brain. 

 Imaging whole-brain samples is a field of considerable interest, and many techniques 

have been developed over the years for clearing the lipids out of tissues in order to make them 

optically transparent, allowing labeling and imaging at any depth. In a recent paper85, we 

describe the development of a modified CUBIC protocol, CUBIC with Reagent-1A*, that allows 

for multi-channel imaging in the ArcCreERT2 mice at depths of several hundred microns, as well 

as a serial sectioning protocol using thick sections to allow for visualization of engrams across 

the entire brain (see Chapter 2). The challenge of visualizing whole-brain engrams in the 

ArcCreERT2 mice has thus been met, but the challenges of identifying the labeled cells, a 

process called segmentation, and of identifying the brain regions containing each cell, 

registration, in order to be able to quantify the whole-brain engrams, still need to be addressed. 

 Segmentation of regions of interest is a common, longstanding problem in image 

analysis, and several software suites have been developed specifically aimed at biological 

applications, among them CellProfiler86,87 and Ilastik88. Similarly, image registration is a well-

known problem, most common to the field of functional magnetic resonance imaging (fMRI), in 

which aligning subjectsô scans into a common coordinate space across time and individuals is a 

necessary pre-processing step in further analysis. In addition to fMRI specific methods, more 
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generalized toolkits for registration, such as elastix89,90, have been developed, as well as more 

recently, WholeBrain91, which is aimed at registration of mouse brain sections directly to an 

anatomical atlas, rather than to one another or a composite reference. 

 In this study, we developed a segmentation and registration strategy for quantifying 

brain-wide memory traces labelled using the ArcCreERT2 line. We began by piloting several of 

the existing segmentation programs mentioned above but found that none of them meet our 

needs. Specifically, no existing, freely available segmentation toolset permitted both 

segmentation in 3D and identification of multiple cell markers, including the co-labeled 

population. We therefore developed our own solution using ImageJ92,93. We then integrated this 

segmentation pipeline with WholeBrain91 in order to create a versatile, scalable, 3D brain-wide 

immunofluorescence quantification strategy compatible with the ArcCreERT2 line, which we 

tested by quantifying fear memory traces following propranolol administration. 

 

3.2 Materials and Methods 

Mice 

ArcCreERT2(+)33 x R26R-STOP-floxed-eYFP35 homozygous female mice were bred with R26R-

STOP-floxed-eYFP homozygous male mice.35 All experimental mice were ArcCreERT2(+) and 

homozygous for the eYFP reporter. ArcCreERT2(+) x eYFP mice are on a 129S6/SvEv 

background, as they have been backcrossed for more than 10 generations onto a 129S6/SvEv 

line.  

Mice were housed 4-5 per cage in a 12-h (06:00-18:00) light-dark colony room at 22°C. 

Food and water were provided ad libitum. Behavioral testing was performed during the light 

phase. All mice utilized for behavioral experiments were approximately 9-12 weeks of age.  All 

experiments were approved by the IACUC at NYSPI. 
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Contextual Fear Conditioning (CFC)  

A 4-shock CFC paradigm was administered as previously described.33 Briefly, mice were 

brought into the behavior room in a home cage, with normal lights on, and were placed in a CFC 

box scented with lemon (context A), to be administered 4 shocks at 180, 240, 300, and 360 s 

after placement into the context. Context re-exposure (RE) occurred 30 minutes or 5 days 

following CFC training, and each RE session lasted for 3 minutes. All sessions were scored for 

freezing using FreezeFrame4 (Actimetrics, Wilmette, IL). 

 

Memory Trace Tagging 

Mice were placed into a separate housing room in a fresh cage the night before the 4-OHT 

injection (Day 1). The next day, mice were injected with 4-OHT (10 mg/ml, 2 mg per mouse) and 

administered CFC training 5 h later (Day 2). Following the behavioral task, mice were housed in 

a dark room for that night and the following 3 days (Days 3-5). Mice were taken out of the dark 

on the morning of Day 5, cages were changed, and they were returned to the normal colony 

room. All precautions to prevent disturbances to the ArcCreERT2 x eYFP mice during dark 

housing were taken in order to reduce off-target labeling. Mice were re-exposed to the CFC 

context and euthanized 1 h following context exposure to allow for visualization of IEG (e.g., c-

Fos) protein expression.  

 

Immunohistochemistry  

Mice were deeply anesthetized, and brains were processed as previously described.33,37,85 

Brains were frozen in optimal cutting temperature (OCT) medium and sliced into 100 ɛm 

sections using a cryostat. An iDISCO-based immunohistochemistry protocol was performed.85 

Briefly, sections were washed in 1X phosphate buffered saline (PBS) in 3 increments of 10 min 

each, then dehydrated in 50% MeOH for 2.5 h. Sections were then washed in 0.2% PBS with 

TritonX-100 (PBST) in 3 increments of 10 min each and placed in blocking solution (6% normal 



61 
 

donkey serum (NDS) / 10% dimethyl sulfoxide (DMSO) / 84% PBST) for 2 h. After blocking, 

sections were washed in 3 increments of 10 min each in 1X PBS / 0.2% Tween-20 / 10 ɛg/ml 

heparin (PTwH). Sections were then incubated in a solution of primary antibody chicken 

polyclonal anti-GFP (1:500, Abcam, Cambridge, MA) and rabbit polyclonal IgG anti-c-Fos 

(1:5000 / 3% NDS / 5% DMSO / 92% PTwH, SySy, Goettingen, Germany) for 3 days at 4ęC. On 

day 4, sections were washed in 3 increments of 10 min each in PTwH and incubated in 

secondary antibody solution consisting of Alexa 647 conjugated Donkey Anti-Rabbit IgG (1:500, 

Life Technologies, Carlsbad, CA) and Cy2 conjugated Donkey Anti-Chicken IgG (1:250, 

Jackson ImmunoResearch, West Grove, PA) in 3% NDS / 97% PTwH overnight. The next day, 

sections were washed in 3 increments of 10 min each in PTwH, then washed in 3 increments of 

10 min each in 1X PBS. Sections were mounted on slides and allowed to dry for approximately 

20 min before adding mounting medium Fluoromount G (Electron Microscopy Sciences, 

Hatfield, PA) and a coverslip. 

 

Confocal Microscopy  

All samples were imaged on a confocal scanning microscope (Leica TCS SP8, Leica 

Microsystems Inc., Wetzlar, Germany) with 2 simultaneous PMT detectors, as previously 

described (6). Fluorescence from Cy2 was excited at 488 nm and detected at 500ï550 nm, and 

Alexa Fluor 647 was excited at 634 nm and detected at 650ï700 nm. Sections were imaged 

with a dry Leica 20× objective (NA 0.70, working distance 0.5 mm), with a pixel size of 1.08 × 

1.08 ɛm2, a z step of 3 ɛm, and z-stack of 27 ɛm. Fields of view were stitched together to form 

tiled images by using an automated stage and the tiling function and algorithm of the LAS X 

software. 

 

Automated Cell Segmentation 
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Cells were automatically quantified in 3D using custom scripts in Fiji94, with slight variations 

depending on the label. c-Fos+ cells were identified by first passing the image through a 

bandpass filter in Fourier space, subtracting the background using a rolling ball algorithm, and 

identifying the cells using the 3D Local Maxima Fast Filter, 3D Spot Segmentation, and 3D 

Manager plugins in the 3D ImageJ suite95. eYFP+ cells were identified by subtracting the 

background, blurring the image with a Gaussian kernel, thresholding the image for the 1% 

brightest pixels, and using the thresholded regions as a mask for identifying the cells with the 

Classic Watershed plugin in the MorphoLibJ suite96. Co-labeled cells were identified using the 

3D MultiColoc plugin in the 3D ImageJ suite95, which uses the label images created during 

segmentation of the individual labels to efficiently identify overlapping objects. In order to 

maximize the precision of the automated counts, all segmented objects were filtered by size, 

shape, and intensity variation. To ensure that only true co-labeled cells were identified, the co-

labeled cells were additionally filtered by the amount of overlap between the objects identified in 

each individual channel. 

 

Registration to an Anatomical Atlas 

Immunohistochemistry-labeled coronal brain sections were aligned to an anatomical atlas using 

the WholeBrain91 package in R97. The atlas plate most closely corresponding to each section 

was chosen, and WholeBrain was used to automatically align the brain section to the 

corresponding atlas plate. All sections were manually curated to ensure an accurate fit, and 

when necessary, the correspondence points automatically generated by WholeBrain were 

manually adjusted. In some cases, due to uneven cutting or damage to the section, different 

hemispheres from the same section were aligned to different atlas plates, or only regions of 

interest were precisely curated. In all such cases, misaligned or damaged regions were 

excluded from further analysis. 
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Data Integration and Analysis 

Cell information, including location, intensity, and size, were imported into R from Fiji and copied 

into the WholeBrain object corresponding to the appropriate section. WholeBrain was then used 

to convert the image coordinates of each cell into atlas coordinates and determine which brain 

region contained each cell. Data for each label and the co-labeled cells were imported 

separately but handled in parallel. Cells mapping to areas not expected to contain cells, such as 

fiber tracts and ventricles, or mapping outside the identified regions of the atlas, were excluded. 

Additionally, cells mapping to cortical layer 1 were also excluded, due both to this being a 

dendritic layer that should not contain cell bodies and to uneven antibody labeling at the edge of 

the sections leading to a high number of false positives in this layer. The area of each region in 

the original image (using the registered coordinates) was calculated using Gaussôs area 

formula. Areas and cell counts were aggregated across layers to yield a single value per region, 

and aggregate areas were converted to volumes and used to normalize the aggregate cell 

counts for each region. Normalized counts (cells per mm3) were used in all further analyses. 

 

Network Analysis 

Cross-correlations between all pairs of regions for each label were calculated in R, using the 

rcorr function in the Hmisc98 package. Pearsonôs correlations were computed in all cases. 

Because the c-Fos and Arc-driven eYFP labels are both activity dependent, the correlations 

between regions are akin to functional connections, and the correlation data can be visualized 

and interpreted as a functional network, with regions as nodes and the correlation value 

determining the weight of the edges between region nodes52,99. Since pairwise correlations were 

calculated for all pairs, the initial functional network is necessarily complete, with all nodes 

connected to all other nodes. In order to be able to interpret the networks and discover the most 

salient features, correlations with an absolute r value lower than 0.5 were dropped.  
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Statistical Analysis 

All data were analyzed using Prism 7.0 or 8.0 and R 3.6.3. Alpha was set to 0.05 for all 

analyses. Data analysis of the cell count data was conducted entirely in R using the tidyverse100 

packages to organize the data and base R functions to perform the statistical tests. Pearson 

correlations between regions were calculated using the Hmisc package and p-values for each 

correlation were determined using a one-sample t-test. Consistent with a published study that 

performed similar analysis99, no correction for multiple comparisons was done, and reported p-

values are uncorrected. Networks were constructed using igraph101 and tidygraph102 packages. 

 

3.3 Results 

The ArcCreERT2 x eYFP line allows for brain-wide, multi-channel labeling of engram cells 

In order to generate a dataset with which to develop and test the pipeline, we used the 

ArcCreERT2 x eYFP line33, a transgenic murine line that allows for the indelible labeling of 

neuronal cells active during a given behavior (Figure 3.1). Following administration of 4-OHT, 

the CreERT2 protein, driven by the activity-dependent Arc promoter, is allowed to travel to the 

nucleus, leading to excision of a stop codon upstream of a reporter molecule, in this case eYFP 

(Figure 3.1A). Only cells active while 4-OHT is present are labeled, and mice are dark-housed 

immediately following behavior in order to minimize off-target effects33,37. We labeled cells active 

during 4-shock CFC, re-exposed the mice to the aversive context 5 days later, euthanized the 

mice and harvested their brains 1 hour after that, and labeled the brains for both eYFP 

(encoding tag) and endogenous c-Fos (retrieval tag) using our previously described protocol for 

thick sections (see Chapter 2). Our idea was then to develop a streamlined method for 

segmenting labeled cells, registering them to an anatomical atlas, and analyzing the results 

(Figure 3.1B). The first step of this envisioned pipeline was successful: using established 



65 
 

methods85, we generated whole sections co-labeled for both eYFP and c-Fos (Figure 3.1C-F), 

with single cell resolution and a good signal to noise ratio (Figure 3.1G-J). 

 

 
Figure 3.1: ArcCreERT2 x eYFP mice experimental design for memory trace tagging. 
(A) Genetic design. (B) Experimental design for memory trace tagging, immunolabeling, brain-wide 
imaging of thick sections, automated quantification, and registration to atlas. Tissue section labelled 
for (C) Hoechst, (D) eYFP, (E) c-Fos, and (F) merged image acquired at 20x magnification. Scale bar 

(C-F) = 1000 m˃. Magnification of the DG labeling with (G) Hoechst, (H) eYFP, (I) c-Fos, and (J) 

merged image. Scale bar (G-J) = 100 m˃. 
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Existing applications are not suitable for segmenting ArcCreERT2 sections 

We set out to develop a segmentation approach that would be compatible with the ArcCreERT2 

line. Specifically, we needed an application that would allow us to identify both eYFP+ and c-

Fos+ cells, as well as the co-labeled population, in three-dimensional image stacks. Thinking 

that the 3D nature of the data would present the biggest challenge, we first attempted to use 

Vaa3D103, a software suite mostly designed for visualizing large, multi-dimensional imaging 

datasets, but which also contains numerous plugins for image analysis, including segmentation. 

Vaa3D was able to readily handle our multi-gigabyte image files and produced adequate 

segmentation results for c-Fos+ cells in the HPC (Figure 3.2A); however, it did not provide 

sufficient information about the identified cells. Although it would output the number of 

segmented objects, it could not calculate additional parameters of interest, such as size, 

intensity, or location, which would be essential for identifying the brain region cells were located 

in when using whole sections. Additionally, we found the interface to be clunky, poorly 

supported, and non-intuitive, and so we did not pursue it as an option any further. 

 We next attempted to use Ilastik88, a machine-learning based automatic segmentation 

platform. We focused on the eYFP+ cells, which have a slightly lower signal to noise ratio that 

the c-Fos+ cells, and thus are prime candidates for the curated learning approach of Ilastik. We 

spent several months training Ilastik on a representative subset of images, and the final results 

were good (Figure 3.2B); however, we found that the experience of training the algorithm and, 

most importantly, running images through the trained algorithm and recovering the segmented 

files was too labor- and time-intensive to justify continuing to use it. During the months spent 

training Ilastik, we developed in parallel what became the final eYFP segmentation process 

using ImageJ. The results from the two approaches were very similar, and the additional steps 

of converting the images to the appropriate format, running them through Ilastik, and then 

having to use ImageJ anyways to quantify the resulting segmented image made continued use 

of Ilastik untenable and unnecessary. 
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 We also attempted to use CellProfiler86,87, a popular program for cell identification and 

quantification that was initially designed for quantifying light microscopy images. CellProfiler 

performed very well, and we were readily able to develop a protocol within CellProfiler that gave 

good results for c-Fos for a single optical section (Figure 3.2C). Unfortunately, CellProfiler is 

unable to count 3D image stacks. In order to attempt to get around this, we created 2D 

maximum projections of our 3D stacks and ran them through the CellProfiler protocol. We sub-

divided and projected the stack in 3 different ways: either the entire stack, after splitting the 

stack into halves, or after splitting the stack into thirds. We found that the number of cells 

identified by CellProfiler, relative to manual counts through the stack, increased significantly 

depending on how many sections the stack was divided into (Figure 3.2D). This was unlikely to 

be due to multi-counting of the same cells, as even sub-divided into thirds, each sub-stack was 

over 10 microns thick and thus represented more than one cell layer. We therefore concluded 

that we could not move ahead with using CellProfiler, and furthermore, that counting in 2D 

would not be sufficiently accurate, and our final pipeline must incorporate 3D segmentation. 
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Implementation of c-Fos+ cell segmentation in ImageJ 

Having attempted to use most of the leading, freely available dedicated segmentation software, 

we determined to develop a custom segmentation process using Fiji94, the ñbatteries includedò 

version of ImageJ92,93. ImageJ is an open source, highly versatile, scientific image processing 

software that contains many plugins for a variety of image processing tasks, including 

segmentation, as well as a built-in programming language for constructing customized 

processes. We began with the c-Fos label, which generally has a very good signal-to-noise ratio 

and a compact, regularly shaped cell label that is highly amenable to automatic segmentation. 

 
Figure 3.2: Initial attempts at development of segmentation pipeline.  
(A) Vaa3D produced good segmentation results for c-Fos but was too difficult to incorporate with the 
rest of the pipeline. (B) After months of training, Ilastik produced comparable eYFP segmentation 
results to the final pipeline but was labor and computationally intensive to run. CellProfiler produced 
sufficient segmentation results for c-Fos (C) but could not quantify cells in 3D. Therefore, in order to 
count 3D image stacks, the stack had to be subdivided and flattened. (D) Further analysis showed that 
the number of cells identified increased depending on how the stack was subdivided (full stack vs. 
halves vs. thirds), making the results unreliable. * p < 0.05, ** p < 0.01. 
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After much experimentation, we were able to develop the protocol outlined in Figure 3.3. The 

original image stack (Figure 3.3A) is first passed through a bandpass filter in Fourier space 

(Figure 3.3B) in order to smooth both the background and the cells, giving the latter a regular, 

mono-peaked, Gaussian intensity profile. The filtered image is then passed through ImageJôs 

rolling ball background subtraction algorithm (Figure 3.3C) to further improve the signal-to-noise 

ratio by reducing the background. Cells in this pre-processed image are then identified using a 

pair of functions from the 3D ImageJ Suite95: 3D Fast Local Maxima Filter and 3D Spot 

Segmentation. The 3D Fast Local Maxima Filter, as the name indicates, quickly identifies local 

maxima in the pre-processed image (Figure 3.3D), most of which should correspond to the 

peaks of cells. The 3D Spot Segmentation plugin then uses these maxima as seeds to expand 

out from and identify objects in the pre-processed image (Figure 3.3E), which visually 

correspond very well to the cells in the original image (Figure 3.3F). Importantly, all of these 

processes work directly on the stack, preventing multi-counting of the same cell and eliminating 

the issues we encountered using CellProfiler (Figure 3.2C-D).  
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eYFP+ cell segmentation is similar in principle to c-Fos+ cell segmentation 

After successfully implementing a segmentation process for c-Fos+ cells in ImageJ, we 

attempted to do the same for eYFP+ cells. We first tried using the same script we had developed 

for c-Fos, but the results were unsatisfactory. Although the two labels are similar, the eYFP 

 
Figure 3.3: Segmentation of c-Fos+ cells. 
Original image (A) is pre-processed to smooth out noise (B) and reduce background (C). 3D Fast 
Filters plugin is used to identify local maxima in the pre-processed image (D), and 3D Spot 
Segmentation plugin is used to identify cells (E), using the local maxima image as seeds. Each object 
is assigned a unique label that can be mapped to different colors. (F) Identified cells are indicated as a 
blue overlay on the original image. Scale bar = 100 ɛm. 
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images tend to have a lower signal-to-noise ratio, with areas of clumpy, non-specific labeling 

that are prone to be falsely identified as cells. We tested various alternative parameters and 

algorithms within ImageJ and were able to develop the protocol outlined in Figure 3.4, which 

maintains the same fundamental principles of smoothing, background subtraction, and region of 

interest identification but uses a slightly different order and set of plugins. For eYFP, the original 

image stack (Figure 3.4A) is passed through the background subtraction algorithm first (Figure 

3.4B), then the background-subtracted image is blurred using a 3D Gaussian kernel to reduce 

noise (Figure 3.4C), and a threshold is applied to binarize the image, keeping only the 1% 

brightest pixels (Figure 3.4D). The thresholded image is then used as a binary mask for the 3D 

Classic Watershed algorithm from the MorphoLibJ suite96, resulting in a label image where each 

segmented object is assigned a unique pixel value (Figure 3.4E). The segmented objects 

correspond well to cells visible in the original image (Figure 3.4F). 
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 Although this new process performed much better and was faster than the c-Fos 

segmentation protocol, after running it on many eYFP image stacks, we noticed that it was still 

infrequently falsely categorizing regions of clumped background as cells, decreasing its 

accuracy. We resolved to rectify this issue further by determining the characteristics of the false 

positive population in order to find metrics by which to exclude these erroneously counted 

regions (Figure 3.5). We manually curated a representative subset of over 1000 true positive 

and false positive objects from many different images from several different animals, covering a 

broad range of anatomical coordinates. We analyzed the distributions for object size (Figure 

3.45), intensity variation (Figure 3.5B), and object shape (Figure 3.5C-F) and determined cutoff 

 
Figure 3.4: Segmentation of eYFP+ cells.  
Original image (A) is pre-processed to reduce background (B) and noise (C), then thresholded for the 
brightest 1% of pixels to create a binary mask (D). Binary mask and pre-processed image are used to 
identify cells with the classic watershed algorithm in MorphoLibJ. (E) Each object is assigned a unique 
label that can be mapped to different colors. (F) Identified cells are indicated as a blue overlay on the 
original image. Scale bar = 100 m˃. 
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values that would best help to distinguish the two distributions. We used these values to filter 

the list of segmented objects generated by the pipeline for true positives before alignment with 

the brain atlas or any further analysis. 

 

Identification of co-labeled cells 

In addition to the eYFP+ and c-Fos+ cells, a third population of interest are the co-labeled cells, 

which represent the reactivated population: cells that participate in both memory encoding and 

 
Figure 3.5: Filtering of eYFP counts.  
Initial eYFP segmentation is filtered to eliminate false positives using six metrics. Segmented objects 
are filtered according to size (A), variance (B), and shape (C-F). Moments 1-4 are shape descriptors 
based on order 2 moments. True positive and false positive distributions were determined via manual 
curation of a representative subset of segmented objects. Shaded area indicates values for which 
objects were kept; percentages indicate proportion of objects that are maintained by the filter. 
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memory retrieval. With the individual label segmentation problem solved, it was possible to use 

the 3D MultiColoc plugin of the 3D ImageJ Suite to readily identify the co-labeled cells (Figure 

3.6). The segmentations from each label are loaded simultaneously (Figure 3.6A), and then 

ImageJ calculates the overlap between each object in one segmentation image and every 

object in the other (Figure 3.6B). In order to reduce false positives due to trivial or tangential 

overlaps between nearby cells, identified regions of overlap are filtered by both absolute size 

and relative amount of overlap between the two channels (Figure 3.6C). Since the eYFP tag 

tends to be larger than the c-Fos tag, only overlapping objects that were at least half the size of 

a c-Fos+ cell and in which at least 50% of the c-Fos+ volume was contained in the overlap were 

kept. The identified cells visually correspond very well to co-labeled cells in the original image 

(Figure 3.6D). The entire segmentation pipeline is summarized in Figure 3.7. 

  

 
Figure 3.6: Identification of co-labeled cells.  
Using the c-Fos and eYFP segmentations (A), overlapping objects are calculated (B), and then filtered 
by size and percent of overlap to identify true co-labeled cells (C). In (B-C), red regions indicate areas 
of overlap, dark grey regions are segmented c-Fos+ cells, and light grey regions are segmented eYFP+ 
cells. White areas are overlaps that do not correspond to co-labeled cells and are removed by the 
filter. (D) Identified co-labeled cells are outlined in white. Scale bar = 100 ɛm. 
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Registration to an anatomical atlas and mapping of segmented cells 

In addition to accurate segmentation, in order to be able to analyze and interpret brain-wide 

memory traces, it is necessary to identify the brain regions and structures where the segmented 

cells are located. In order to do so, one needs a systematic way of aligning the image space 

where the cells were segmented to a known space, such as an anatomical atlas, where the 

brain regions and their boundaries are codified and annotated. This process of transforming one 

coordinate space into another is called registration. Fortunately, while we were working to 

develop the segmentation protocol, a registration program, WholeBrain91, was released that fit 

the needs of our project and could be readily integrated with our segmentation process to create 

a complete analysis pipeline. A sample workflow for a single section is presented in Figure 3.8. 

Segmented cells (Figure 3.8A) are imported into R and combined with a registered section 

(Figure 3.8B) in order to map the cells onto anatomical coordinates (Figure 3.8C) and determine 

the number of cells in each brain region. Mapped cells can be readily visualized in 3D across 

the entire brain (Figure 3.8D). 

 
Figure 3.7: Overview of complete segmentation protocol.  
Original image is split into individual channels and run through the segmentation process for each 
channel. The segmented images produced by each process, to identify eYFP+ and c-Fos+ cells, are 
used to determine the co-labeled population (eYFP+ and c-Fos+), which are shown here encircled in 
white. 
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3.4 Discussion 

Here, we present a segmentation and registration pipeline for analyzing brain-wide memory 

traces. Using a combination of Fiji94 and the WholeBrain91 package in R97, the pipeline permits 

the identification of immunohistochemistry labeled cells across the entire brain, and the ready 

analysis of cell activity on a region-by-region basis. Crucially, the pipeline allows for the analysis 

of cells in three dimensions and the identification of co-labeled cells, permitting the 

quantification of engrams in thick tissue sections with precision. We have already employed this 

approach to analyzing the effects of propranolol on contextual fear memory in a subset of 

regions of interest104, as well as to examining the changes to the fear memory network following 

extinction (Chapter 4), and the possibilities for other projects, including quantification of 

 
Figure 3.8: Registration and segmented cell mapping. 
(A) Representative image of segmented cells. (B) Registration of brain section to an anatomical atlas 
using WholeBrain. (C) Mapping of segmented cells onto anatomical coordinates. (D) Whole-brain 
image of a memory trace. 
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engrams in disease states such as Alzheimerôs disease and quantification of other 

immunolabeled proteins are vast. 

 Relative to existing cell segmentation strategies, such as CellProfiler86,87, Ilastik88, or 

ClearMap54, the pipeline offers several advantages. Firstly, it is built using ImageJ and R, 

commonly employed scientific analysis software that new users are likely to already have some 

familiarity with and are completely cross-platform. Even for less experienced users, the scripts 

and functions are designed to be highly intuitive and require little adaptation or programming 

expertise to use fully. Secondly, the segmentation process is highly scalable, a necessary 

component for analyzing whole-brain data. Both single image and batch versions of the different 

segmentation strategies exist, and the process can easily be moved onto a high-performance 

computing cluster for parallel processing of large quantities of images. For labs that donôt have 

access to a cluster environment, local processing is also very feasible, with a multi-gigabyte 

confocal image stack taking only 10-15 minutes to process on a computer with sufficient RAM 

and a higher end processor. Thirdly, although some amount of parameter optimization is 

necessary to achieve the best results, the pipeline does not require extensive or laborious 

training at the outset. 

 When optimizing the segmentation algorithms, we tuned the parameters such that the 

process would capture as many cells as possible, even at the expense of potentially capturing 

some non-cells; i.e, we intentionally prioritized recall over precision while maintaining a high F-

score. We chose this approach because in many regions of the brain, such as the dentate 

gyrus, the co-labeled population represents a very small fraction of the activated cells (<5%). 

Considering the importance of identifying these cells and the possibility that missing even a 

small proportion of cells in the individual channel segmentations would likely lead to higher 

variance when identifying co-labeled cells, we concluded that it was essential that the individual 

channel segmentations be as sensitive as possible while maintaining overall accuracy and 

tuned the algorithms appropriately. 
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 The segmentation process has thus far only been tested on serial sections cut in the 

coronal plane and imaged using a confocal microscope, but it should be readily adaptable to 

other imaging strategies. Unlike some other segmentation solutions, such as ClearMap54, the 

segmentation process is agnostic to the relative orientation of the slices, and so sagittal, 

horizontal, or oblique sections could be counted without issue. Additionally, any sort of 3D 

image should be amenable to being counted, including the very large images generated by 

cleared samples and light sheet microscopy. In this case, the simplest way to utilize the pipeline 

would likely be to subdivide the cleared image into many several hundred-micron sections. The 

entire cleared structure could likely also be counted using ImageJôs virtual stack processing 

capabilities, although this might require more extensive modification of the pipeline. 

 The registration process, using WholeBrain, is much more accessible than other 

registration options, such as ITK105, elastix89, or PydPiper106, which require extensive 

programming knowledge to utilize correctly. Additionally, the registration scripts are thoroughly 

annotated to break down each step of the process and make it simple even for novice users or 

experimenters with limited programming knowledge. However, there are a few limitations that 

should be taken into account when designing experiments. Although the segmentation process 

is agnostic to tissue orientation, WholeBrain can only register sections cut in the coronal or 

sagittal directions, and so oblique or horizontal sections will either be very difficult to register, 

requiring multiple registrations per section for some oblique sections, or outright impossible. 

Care should therefore be taken to cut sections as similar to the atlas plates as possible, as this 

will save a lot of time and effort when doing the registrations. Additionally, the atlas plates are all 

two dimensional; WholeBrain cannot register in three dimensions. Therefore, sections should be 

cut as close to the atlas plate coordinates as possible, and sections greater than 100 microns 

thick should be subdivided and not registered to the same atlas plate, as this is the approximate 

spacing between plates. For large volumetric imaging, such as following whole-brain clearing, 

one can either determine the atlas plate for different points along the cleared brain manually; 
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use a package built on top of WholeBrain, such as SMART107; or use 3D registration software 

designed for cleared brains, such as ClearMap. 

 In summary, we have developed a brain-wide segmentation and registration pipeline for 

quantifying memory traces, allowing for the analysis of neuronal activity across the brain with 

single cell resolution. Additionally, the pipeline is very versatile and can easily be adapted to 

counting any protein of interest that can be discretely labeled and visualized, permitting the use 

of a variety of experimental designs and mouse models. The registration process is highly 

robust, if somewhat labor intensive, and allows for precise localization of segmented cells in 

regions of interest. We believe this will serve as a valuable tool to the neuroscience community 

by facilitating higher throughput image analysis projects.  
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Chapter 4: Fear extinction decreases centralization of the functional 

fear memory network and alters coordinated reactivation among 

amygdalar and frontal associative regions 

The results described in this chapter are currently being prepared as a manuscript for 

submission on which I am co-first author. A copy of the in progress manuscript is included in 

Appendix D. This work was the result of an active collaboration between another MD/PhD 

student in the lab, Sofia Santos (the other co-first author), and myself, with invaluable 

assistance from two very talented and dedicated undergraduate students, Allegra De Landri and 

Nick Vaughan. Sofia ran all of the behavior for the project and did all of the sectioning, as well 

as almost all of the staining and imaging. I developed the segmentation and registration 

process, wrote all of the code, and performed almost all of the analysis. Sofia and I collaborated 

on the experimental design and on interpretation of the results. 

 

4.1 Introduction 

Maladaptive fear responses are a hallmark of anxiety disorders such PTSD, which is triggered 

by a traumatic event and results in heightened, inappropriate fear and anxiety, flashbacks, and 

intrusive thoughts108. These learned fear responses can undergo extinction, the process through 

which repeated exposure to the cues or contexts that elicit the fear results in a gradual decrease 

in the fear behavior. Fear extinction occurs in exposure therapies used in the clinic to treat 

PTSD109, and the mechanisms by which extinction leads to changes in the original memory 

and/or creation of a new, suppressive memory are beginning to be elucidated. Recently, 

technologies that allow for the study of memory engrams have helped illuminate how fear 

memories and extinction memories are encoded in the brain4. Engrams, also called memory 

traces, are defined as neural ensembles activated during learning, that are reactivated by the 

original stimuli, and the reactivation of which results in memory retrieval, a concept first 
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proposed by Richard Semon in the early 20th century2. In order to study engrams, numerous 

technologies have been developed that utilize IEGs, genes transcribed in response to neuronal 

activity, to visualize and manipulate engrams6,9. Such genetic and optogenetic techniques have 

allowed scientists to probe engrams and alter their content, suggesting that deleterious 

memories, such as fear memories31,33,37,44,110,111 in PTSD, or lost memories, such as in AD46,47, 

may be modified to improve mood and cognition6,10.  

Such engram studies have implicated several brain regions, most notably the prefrontal 

cortex (PFC), HPC, and amygdala (AMG), in fear extinction110,112ï116. One study showed that 

chemogenetic stimulation of a fear engram after extinction elicited a pronounced fear response, 

indicating that the fear memory persists even after extinction117. Similarly, another study showed 

that extinction encoding neurons are a different population from fear encoding neurons in the 

DG, that extinction reduces reactivation of the original fear memory trace in the DG, and that 

modulation of either population leads to opposite effects in freezing behavior110, suggesting that 

the extinction engram functions to suppress fear behavior by inhibiting the fear engram. Along 

these lines, in the basolateral amygdala (BLA), two functionally distinct populations of neurons 

were shown to encode either the aversive memory or extinction and other memories of 

neutral/positive valence116. In parallel, at the level of synaptic plasticity, extinction was shown to 

reverse plasticity changes occurring after fear conditioning in the amygdala114,118 and to increase 

certain inhibitory inputs119. Thus, existing evidence points to both a reduction in reactivation of 

the fear engram following extinction, without necessarily erasure of the fear engram, and the 

existence of a new memory of safety.  

Previous studies have focused primarily on the HPC, AMG, and PFC; however, memory 

traces are believed to be composed of interconnected networks across many brain regions6. 

Furthermore, it has been hypothesized that the effectiveness of extinction training may depend 

on more efficient reconsolidation and weakening of the original memory trace120ï122, and that 

shorter extinction sessions, relative to longer sessions, promote reconsolidation over generation 
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of a new memory123. Therefore, it is important to identify which brain regions harbor fear 

memory traces and which of these are susceptible to changes with extinction training in order to 

better understand the neural underpinnings of fear extinction. 

In order to analyze how fear memory trace reactivation is altered by extinction training 

across the brain, we utilized the ArcCreERT2 murine line, which allows for indelible, activity-

dependent neuronal tagging, based on the IEG Arc/Arg3.1, which has been widely implicated in 

synaptic plasticity11,12,23. Due to its indelible labeling, the ArcCreERT2 mouse line allows for the 

study of long-term engrams brain-wide33,37,46,111,124,125. Using this transgenic line, it has been 

shown that the DG and cornus ammonis 3 (CA3) encode memory traces of contextual fear 

memories33, and that these memory traces are necessary for memory retrieval33,110. Here, we 

use this line to study memory traces across the brain in an unbiased way. Performing brain-wide 

analyses of activity has become increasingly accessible52,126, particularly with the development 

of better immunolabeling and imaging techniques that allow for deeper access to the 

tissue54,76,85,127 and with registration software which allow researchers to align either cleared 

hemispheres or thick tissue sections to an anatomical atlas54,91. 

In this study, we use a custom segmentation and registration pipeline developed in our 

lab, which we have previously applied to studying the effects of propranolol on contextual fear 

engrams104, to investigate how brain-wide fear engrams and functional engram networks 

change following extinction. We show that extinction alters the reactivation of the contextual fear 

engram across several known and novel brain regions and leads to a decentralization of the 

functional fear engram network. This work demonstrates for the first time how a transgenic, 

activity-dependent labeling strategy can be used to study engram reactivation throughout the 

brain and contributes to understanding neuronal activity changes following extinction at the level 

of both single regions and functional networks. 
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4.2 Materials and Methods 

Mice 

ArcCreERT2(+) x R26R-STOP-floxed-eYFP homozygous female mice were bred with R26R-

STOP-floxed-eYFP homozygous male mice33. All experimental mice were ArcCreERT2(+) and 

homozygous for the eYFP reporter. ArcCreERT2(+) x eYFP mice are on a 129S6/SvEv 

background, as they have been backcrossed for more than 10 generations onto a 129S6/SvEv 

line. 

 Mice were housed 4-5 per cage in a 12-h (06:00-18:00) light-dark colony room at 22°C. 

Food and water were provided ad libitum. Behavioral testing was performed during the light 

phase. All mice utilized for behavioral experiments were approximately 10-16 weeks of age. All 

experiments were approved by the IACUC at the New York State Psychiatric Institute NYSPI. 

 

Drugs 

4-OHT 

Recombination was induced using 4-OHT (Sigma, St. Louis, MO, H7904) as previously 

described37. 4-OHT was dissolved by sonication in 10% EtOH / 90% corn oil at a concentration 

of 10 mg/ml. One injection of 200 ɛl (2 mg) was administered i.p. into adult mice. 

 

Genotyping 

Genotyping was performed as described33. 

 

Behavioral Assays 

CFC 

A 4-shock CFC paradigm was administered as previously described33,110. To allow for optimal 

labelling of the fear encoding cells, mice were dark housed in the behavior room, in their home 
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cage, the night before CFC. In the morning, the mice were removed from the behavior room, 

injected with 4-OHT, and kept in the housing room for 5 h, with lights on. Mice were then 

brought into the behavior room, with normal lights on, placed in a CFC box scented with lemon, 

and received 4 shocks at 180, 240, 300, and 360 s, in a total of 377s of exposure to the context. 

Non-shock controls underwent an identical procedure apart from not receiving any shocks. Mice 

were kept in dark housing after CFC for three nights, for optimal labeling. 

Extinction and Context Re-exposure/Retrieval test 

Extinction training consisted of 3 min long exposures to the initial fear context, without any 

shock, 1x daily between day 5 and day 15 post-CFC110. On day 15 post-CFC all groups 

underwent a 3 min re-exposure/recall session. All sessions were scored for freezing using 

FreezeFrame4 (Actimetrics, Wilmette, IL). All mice were sacrificed 1 h after re-exposure to allow 

for quantification of IEG expression. 

 

Immunohistochemistry 

Mice were deeply anesthetized and brains were processed as previously described33,85. Brains 

were frozen in OCT medium and sliced into 100 ɛm sections using a cryostat. An iDISCO-based 

immunohistochemistry protocol was performed104. Briefly, sections were washed in 1X PBS for 

3 x 10 min each, then dehydrated in 50% MeOH for 2.5 h. Sections were then washed in 0.2% 

PBST 3 times, 10 min each, and placed in blocking solution (6% NDS / 10% DMSO / 84% 

PBST) for 2 h. After blocking, sections were washed 3 times, 10 min each, in 1X PBS / 0.2% 

PTwH. Sections were then incubated in a primary antibody solution of chicken polyclonal anti-

GFP (1:500, Abcam, Cambridge, MA) and rabbit polyclonal IgG anti-c-Fos (1:5000 / 3% NDS / 

5% DMSO / 92% PTwH, SySy, Goettingen, Germany) for 3 days at 4ęC. On day 4, sections 

were washed 3 times, 10 min each, in PTwH and incubated in secondary antibody solution 

consisting of Alexa 647 conjugated Donkey Anti-Rabbit IgG (1:500, Life Technologies, 

Carlsbad, CA) and Cy2 conjugated Donkey Anti-Chicken IgG (1:250, Jackson 
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ImmunoResearch, West Grove, PA) in 3% NDS / 97% PTwH overnight. The next day, sections 

were washed 3 times, 10 min each in PTwH, and finally washed in 1X PBS also 3 x 10 min. 

Sections were mounted on slides and allowed to dry for approximately 20 min before adding 

mounting medium Fluoromount G (Electron Microscopy Sciences, Hatfield, PA) and a coverslip. 

 

Confocal Microscopy 

All samples were imaged on a confocal scanning microscope (Leica TCS SP8, Leica 

Microsystems Inc., Wetzlar, Germany) with 2 simultaneous PMT detectors, as previously 

described85. Fluorescence from Cy2 was excited at 488 nm and detected at 500ï550 nm, and 

Alexa Fluor 647 was excited at 634 nm and detected at 650ï700 nm. Sections were imaged 

with a dry Leica 20x objective (NA 0.70, working distance 0.5 mm), with a pixel size of 1.08 × 

1.08 ɛm2, a z-step of 3 ɛm, and z-stack size of 27 ɛm. Fields of view were stitched together to 

form tiled images by using an automated stage and the tiling function and algorithm of the LAS 

X software. 

 

Cell Quantification  

Cells were automatically quantified brain-wide in 3D using custom scripts in Fiji94, as recently 

described104. In summary, c-Fos+ cells were identified by first passing the image through a 

bandpass filter in Fourier space, subtracting the background using a rolling ball algorithm, and 

identifying the cells using the 3D Local Maxima Fast Filter, 3D Spot Segmentation, and 3D 

Manager plugins in the 3D ImageJ suite95. eYFP+ cells were identified by subtracting the 

background, blurring the image with a Gaussian kernel, thresholding the image for the 1% 

brightest pixels, and using the thresholded regions as a mask for identifying the cells with the 

Classic Watershed plugin in the MorphoLibJ suite96. Co-labeled cells were identified using the 

3D MultiColoc plugin in the 3D ImageJ suite95, which uses the label images created during 

segmentation of the individual labels to efficiently identify overlapping objects. To maximize the 
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precision of the automated counts, all segmented objects were filtered by size, shape, and 

intensity variation. The co-labeled cells were additionally filtered by the amount of overlap 

between the objects identified in each individual channel. 

 

Registration to an Anatomical Atlas 

Immunohistochemistry-labeled coronal brain sections were aligned to an anatomical atlas using 

the WholeBrain91 package in R97. The atlas plate most closely corresponding to each section 

was identified using openbrainmap.org, and WholeBrain was used to automatically align the 

brain section to the corresponding atlas plate. All sections were manually curated to ensure an 

accurate fit, and when necessary, the alignment automatically generated by WholeBrain was 

manually adjusted. In some cases, due to uneven cutting or damage to the section, different 

hemispheres from the same section were aligned to different atlas plates. Misaligned or 

damaged regions were excluded from further analysis. 

 

Data Integration and Analysis 

Cell information, including location, intensity, and size, were imported into R from Fiji and copied 

into the WholeBrain object corresponding to the appropriate section. WholeBrain was then used 

to convert the image coordinates of each cell into atlas coordinates and determine which brain 

region contained each cell. Data for each individual label and the co-labeled cells were imported 

separately but processed in parallel. Cells mapping to areas not expected to contain cells, such 

as fiber tracts and ventricles, or mapping outside the identified regions of the atlas, were 

excluded. Additionally, cells mapping to cortical layer 1 were also excluded. In total, 119 regions 

throughout the brain were analyzed. The area of each region was calculated using Gaussôs area 

formula. Areas and cell counts were aggregated across layers to yield a single value for each 

region, and aggregate areas were converted to volumes and used to normalize the aggregate 

cell counts for each region. Normalized counts (cells per mm3) were used in all further analyses. 
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Correlation and Network Analyses 

Pearson correlations between regions were calculated using the Hmisc98 package in R, with 

pairwise removal of missing cases. Correlations were calculated across mice in each group for 

each label. Significance of correlation differences was calculated by shuffling the group labels 

and recomputing the correlations for 1000 iterations, and using the permutations to determine a 

null distribution of the difference for each region pair. Correlation differences were compared to 

these individualized distributions to determine the p-value. 

 Networks were constructed using the tidygraph102 package, and network measures were 

calculated using appropriate functions in tidygraph and igraph101. For the eYFP networks, only 

correlations with a false discovery rate (FDR) < 0.1 were included, and for the c-Fos networks 

only those with p < 0.005. Both positive and negative correlations were included in the 

networks, and all metrics were calculating using the unweighted version of the respective 

functions, treating positive and negative correlations the same. Networks were visualized using 

ggraph128 and ggplot2129. 

 

Statistical Analysis 

All data were analyzed using Prism 8.0. or 9.0 and R97. Alpha was set to 0.05 for all analyses. 

Generally, the effect of Behavioral Treatment was analyzed using a t-test, using two-way 

analysis of variance (ANOVA) to assess the effect of Behavioral Treatment, Time, and of their 

interaction where appropriate. Post-hoc Sidakôs Multiple Comparisonôs test was used to correct 

for multiple comparisons when a significant effect was found in the Two-way ANOVA.  

 

4.3 Results 

Extinction results in decreased freezing behavior comparable to habituation 
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In a previous collaboration with the Drew lab, we found that extinction altered fear memory 

traces in the DG. Here sought to examine the effects of extinction on fear conditioning 

throughout the brain. We used the ArcCreERT2 x eYFP mice to indelibly label memory traces 

following fear conditioning and extinction (Figure 4.1A). Four groups were tested: a fear retrieval 

group, which received 4-shock CFC and was re-exposed to the aversive context 15 days later; 

an extinction group, which received 4-shock CFC and underwent 10 days of re-exposure to the 

aversive context without shocks; a context retrieval group, which followed the same protocol as 

the fear retrieval group but was never shocked; and a habituation group, which followed the 

same protocol as the extinction group but was never shocked (Figure 4.1B). All groups were 

injected with 4-OHT prior to their initial exposure to the context in order to label the cells active 

during encoding. One hour after their final exposure to the context on day 15, mice from all 

groups were euthanized via intracardiac perfusion, their brains were harvested, frozen in OCT, 

sectioned on a cryostat, and immunolabeled using an iDISCO-based protocol developed in the 

lab85 (Figure 4.1C). Sections were stained for both transgenic eYFP (encoding tag; Figure 4.1D) 

and endogenous c-Fos (retrieval tag; Figure 4.1E), allowing visualization of the memory trace 

(co-labeled cells; Figure 4.1F). Stained sections were then imaged, segmented, registered, and 

analyzed using a custom pipeline developed in the lab104 (Fig. 4.1C). 

 Mice in the extinction group displayed higher freezing  than mice in the habituation group 

upon their initial exposure to the context, which decreased over the subsequent non-aversive 

exposures to the initially aversive context (Figure 4.1G). By the final exposure, mice in the 

extinction group displayed similar levels of freezing to mice in the habituation group and much 

lower freezing than the fear retrieval group, indicating that the fear memory was successfully 

extinguished (Figure 4.1H). 

 

Extinction decreases reactivation in the dentate gyrus 
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Having shown successful extinction of the fear memory, we sought to analyze the brain-wide 

memory traces underlying this behavioral change. We first focused on the DG, an area that our 

work and others has shown to be involved in fear memory retrieval and extinction110,133. We 

found that mice that had undergone CFC had a greater number of eYFP+ cells in the DG than 

mice that were exposed to the novel context but not shocked (Figure 4.1I). There was no 

difference in the number of c-Fos+ cells between the four groups (Figure 4.1J), but crucially, 

mice in the extinction group had a lower level of reactivation than mice in the fear retrieval group 

(Figure 4.1K-L). These results are consistent with previous studies showing increased activity in 

the DG following CFC33 and decreased reactivation following extinction110, validating our brain-

wide quantification approach. 
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CFC increases coordinated activity among amygdala and hypothalamus regions 

Having validated our analytic approach, we next examined brain-wide differences in correlated 

activity across mice during encoding by calculating the regional pairwise cross correlations of 

the eYFP counts. For the purposes of this analysis, we combined the extinction and fear 

retrieval groups into one CFC group and the habituation and context retrieval groups into one 

context exposure group, since at this time point these pairs of groups have undergone the same 

treatment (Figure 4.1B). We analyzed the coordinated activity between all 119 brain regions, 

yielding 7021 inter-regional correlations. Examining the correlations reveals several notable 

differences in brain-wide coordinated activity between the two groups (Figure 4.2A-B). The CFC 

group shows strong positive correlations between various amygdala and hypothalamus 

subregions that are not present in the context exposure group (Figure 4.2A-B). Furthermore, in 

the CFC group, a subset of thalamic regions that are strongly positively correlated with one 

another and strongly negatively correlated with the rest of the brain in the context exposure 

group do not show this same pattern (Figure 4.2A-B). Additionally, while both groups show 

positive correlations among sensory regions, the correlations in the CFC group are much 

weaker than in the context exposure group (Figure 4.2A-B). 

 In order to better understand the differences in coordinated activity between groups, we 

calculated the difference between the same correlations in each group and performed a 

Figure 4.1: Extinction results in decreased fear expression in ArcCreERT2 mice and alters 
dentate gyrus memory traces.  
(A) Transgenic ArcCreERT2 model. (B) Behavioral protocol. (C) Experimental design included memory 
trace tagging, immunolabeling, brain-wide imaging of thick sections, automated quantification, and 
registration to atlas to allow brain wide quantification of memory traces. (D-F) Representative tissue 
section with DG labelled for (D) EYFP, (E) c-Fos, and (F) both. (G) Extinction results in decreased fear 
expression over time in mice that underwent CFC, and in increased freezing over time in mice that 
only received context exposure. (H) Mice that underwent extinction after CFC or that underwent only 
context exposure freeze significantly less than mice that received CFC and a single retrieval session. 
(I) Mice that underwent CFC have higher levels of EYFP+ cells, tagged during encoding, in the DG. (J) 
No differences were found between groups in c-fos+ cells in the DG. (K-L) Between mice that received 
CFC, mice that received extinction had lower memory trace reactivation than mice that only underwent 
retrieval. (n = 6-9 male mice per group). *p < 0.05, **p < 0.01. Error bars represent ± SEM. CFC, 
contextual fear conditioning; E, Extinction trial; min, minutes. 
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permutation analysis by shuffling the labels for 1000 iterations to determine significance. We 

found over 50 correlations where the difference was both large (>=1) and highly significant (p < 

0.01) (Figure 4.2C). This analysis confirmed our initial observations from examining the 

matrices, as well as revealed additional connections of interest among regions thought to be 

important in fear learning. For example, we found that the correlations between DG and primary 

somatosensory cortex (SSp), anteromedial visual cortex (VIS-am), and the caudoputamen (CP), 

as well as between the rhomboid nucleus of the thalamus (RH) and both CA3 and CA1, 

significantly increase after CFC (Figure 4.2D). We also found significant correlations between 

infralimbic cortex (ILA) and both prelimbic cortex (PL) and orbitofrontal cortex (ORB) only in the 

CFC group (Table A.2). In contrast, correlations between anterior cingulate cortex (ACA) and 

ectorhinal cortex (ECT), perirhinal cortex (PERI), and medial habenula (MH) significantly 

decreased after CFC (Figure 4.2D). Additionally, a number of sensory cortices, across multiple 

modalities, were only significantly associated in the context exposure group (Table A.2). 

Together, these findings suggest that, when exposed to a novel environment such as the 

conditioning context, mice are largely focused on taking in the new sensory environment, but 

once an aversive stimulus is introduced, memory and association cortices kick in to record the 

instance and help protect the mouse from future dangers. 
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The CFC memory network is less clustered and has smaller hubs than context exposure 

IEGôs such as Arc are activity dependent markers; therefore, correlations between IEG labeled 

brain regions are similar to functional connections, in that they represent regions that are either 

co-activated, co-suppressed, or oppositely activated. In order to better understand how these 

connections change upon exposure to an aversive stimulus, we constructed networks of the 

CFC and context exposure correlations, modeling the regions as nodes and the correlations as 

edges (Figure 4.3A-B). Because the inter-regional correlations were calculated between all 

possible pairs, and a network constructed using all these correlations would necessarily be 

 
Figure 4.2: Contextual fear conditioning changes coordinated activity relative to novel context 
exposure. 
Correlation analysis of eYFP+ activity, across brain regions in mice that underwent (A) 4-shock CFC or 
(B) Context Exposure. Color reflects the Pearson correlation coefficient and asterisks represent a 
significant correlation. (C) Volcano plot highlighting significant regional correlations with a correlation 
difference greater than 1. (D) Highlighted correlations are shown in each condition. 
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complete, masking the most important properties of the different networks, only the most 

significant correlations (FDR < 0.1) were included in the networks. After thresholding, the CFC 

network contained 81 nodes and 115 edges (edge density of 0.009) and the context exposure 

network 78 nodes and 166 edges (edge density 0.014). As expected from analyzing the 

correlation matrices (Figure 4.2A-D), the CFC network shows many strong, almost entirely 

positive connections involving amygdalar and hypothalamic subregions, as well as memory and 

associative cortices including CA3, retrosplenial cortex (RSP), and visceral cortex (VISC)(Figure 

4.3A). In contrast, the context exposure network is much more focused around sensorimotor 

regions, with strong and numerous connections across modalities, and much lower involvement 

of thalamic and hypothalamic subregions, other than several pronounced negative connections 

involving the mediodorsal (MD) and central medial (CM) nuclei of the thalamus (Figure 4.3B). 

 In order to better understand the structure and properties of the networks, we computed 

several network measures: degree, clustering coefficient, efficiency, and betweenness centrality 

(Figure 4.3C-G). Degree simply measures how many nodes each node is connected to. As 

suggested by the graphs, the CFC network has a lower average degree, indicating smaller 

hubs, than the context exposure network, due to the high interconnectivity of sensorimotor 

regions in the context exposure network (Figure 4.3C). Notably, both networks display the 

expected small-world degree distribution52, with many low degree nodes and few high degree 

nodes (Figure 4.3D). The clustering coefficient measures, for each node, how many of its 

neighbors are also connected to one another, i.e., the strength of local clusters. The CFC 

network also has a significantly lower average clustering coefficient than the context exposure 

network (Figure 4.3E), likely due once again to the high level of interconnectivity between 

sensorimotor regions in the context exposure network. Efficiency measures how easy it is (how 

many connections one would have to cross) to get from any one node to any other node; it is 

the inverse of the average shortest path. Although the CFC network has significantly lower 

global efficiency than the context exposure network, likely due to the higher clustering of the 
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latter, the absolute difference is relatively small and unlikely to be of biological significance 

(Figure 4.3F). Betweenness centrality measures how many shortest paths pass through a given 

node, and it is one indication of how important or central a given node is. Both encoding 

networks have comparable betweenness centrality (Figure 4.3G). Crucially, these measures 

indicate that although the CFC network is less concentrated (smaller hubs and clusters) than 

the context exposure network, it relays information essentially as readily, and its smaller hubs 

are nonetheless just as important as the larger hubs of the context exposure network. 
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Extinction decreases coordinated activity in the thalamus, striatal amygdala, and 

sensorimotor cortex 

We applied the same analysis to the c-Fos+ memory retrieval cells as to the eYFP+ encoding 

cells. We began by calculating the pairwise cross correlations between the number of c-Fos+ 

cells in all 119 brain regions for each of the 4 groups: fear retrieval, fear extinction, context 

 
Figure 4.3: Contextual fear conditioning network is less concentrated than context exposure 
network. 
(A-B) Correlations with FDR < 0.1 were used to construct functional networks for mice that (A) 
received CFC and (B) received context exposure. (C) Mean degree is lower in the CFC network 
relative to context exposure, but (D) both networks show strongly right tailed degree distributions. The 
CFC also has (E) a lower mean clustering coefficient and (F) lower global efficiency, but (G) no 
difference in mean betweenness centrality. 
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retrieval, and habituation. Relative to the fear retrieval correlations, the extinction correlations 

show an overall decrease in coordinated activity (Figure 4.4A-B). Specifically, in the fear 

retrieval group, there are notable positive correlations among various thalamic nuclei; among 

auditory, visual, somatosensory, and motor regions; and between striatal amygdala and various 

cortical regions; all of these patterns are weakened or absent in the extinction group (Figure 

4.4A-B). This is similar to the correlation changes observed between the habituation and context 

retrieval groups, the latter of which shows numerous positive correlations among cortical 

sensory regions that are absent in the former (Figure 4.4C-D). 

 We further examined the differences between the extinction and fear retrieval 

correlations using the permutation analysis. There were over fifty inter-regional correlations 

where the difference was both large (>= 1) and highly significant (p < 0.005) (Figure 4.4E). We 

focused on correlations that were both differently significant between groups (i.e., significant in 

one group but not the other) and significantly different (i.e., their difference was significant) 

(Table A.3). As suggested by the correlation matrices, a number of correlations of interest 

involving cortical and frontal regions were identified. For example, following extinction, relative 

to fear retrieval, there was a significant increase in the correlation between the DG and the 

ventral posteromedial nucleus of the thalamus (VPM),as well as between the ILA and both ECT 

and secondary motor cortex (MOs) (Figure 4.4F). There were also significant correlations 

between the piriform-amygdalar area (PAA) and both the substantia innominata (SI) and the 

lateral preoptic area (LPO) in the extinction group but not the fear retrieval group (Table A.3). In 

contrast, correlations between the lateral habenula (LH) and the lateral hypothalamic nucleus 

(LHA), posterior hypothalamic nucleus (PH), and basomedial amygdala (BMA), as well as 

between the ACA and both the SI and claustrum (CLA), significantly decreased following 

extinction (Figure 4.4F). Additionally, there were several correlations between motor regions, 

such as between MOs and both primary motor cortex (MOp) and PL, that were extinguished 

(Table A.3). 
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Figure 4.4: Extinction alters brain-wide correlation patterns of fear memory. 
(A) Correlation analysis of c-Fos+ activity across brain regions in mice that underwent CFC and 
retrieval, (B) CFC and extinction, (C) context exposure and retrieval, or (D) context exposure and 
extinction. Square color reflects the Pearson correlation coefficient and asterisks represent a 
significant correlation. (E) Volcano plot highlighting significant correlations with a correlation difference 
greater than 1 between CFC-Retrieval and CFC-Extinction. (F) Highlighted correlations are shown in 
each condition. 
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Extinction leads to a decentralization of the fear memory trace network 

As before, we constructed networks for the memory retrieval tag using the pairwise correlations, 

including only highly significant correlations (p < 0.005) in order to be able to appreciate the 

structure of the networks (Figure 4.5A-D). After thresholding, the fear retrieval network 

contained 71 nodes and 75 edges (edge density of 0.008), the fear extinction network 62 nodes 

and 47 edges (edge density 0.006), the context retrieval network 57 nodes and 47 edges (edge 

density 0.007), and the habituation network 66 nodes and 47 edges (edge density 0.005). Upon 

examining the networks, it is immediately apparent that the extinction network is much sparser 

than the fear retrieval network (Figure 4.5A-B), consistent with the lower organization and level 

of coordinated activity observed in the correlation matrices (Figure 4.4A-B). Additionally, the fear 

retrieval network is focused around positive connections involving sensorimotor and association 

cortices, particularly dorsal auditory cortex (AUDd), posteromedial visual cortex (VISpm), the 

nucleus of the lateral olfactory tract (NLOT), MOs and MOp, and ACA and CA1, as well as 

between thalamus and hypothalamus, with numerous connections involving the posterior 

limiting nucleus of the thalamus (POL) and the lateral hypothalamic area (LHA) (Figure 4.5A). In 

contrast, the extinction network has a greater balance of positive and negative connections, 

including strong negative connections involving MOs, MOp, and SSp (Figure 4.5B). Comparing 

these to the networks of mice that did not undergo CFC (Figure 4.5C-D), the context retrieval 

network has many fewer connections among sensorimotor regions than the fear retrieval 

network, whereas the habituation network is more similar to the extinction network, with a 

balance of positive and negative connections, including strong negative connections involving 

sensorimotor regions. 
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 We next used the same network metrics as before to gain greater insight into the 

structure and properties of the networks. As expected from examining the networks, the 

extinction network has a significantly lower average degree than the fear retrieval network 

(Figure 4.6A), although all networks display a right-tailed degree distribution (Figure 4.6B). 

Surprisingly, there is no significant difference in clustering coefficient among the networks 

(Figure 4.6C). The extinction network also has a significantly lower global efficiency than the 

fear retrieval network, likewise for the habituation and context retrieval networks (Figure 4.6D); 

however, all four networks have low global efficiency (<0.1), and though the relative difference 

 
Figure 4.5: c-Fos+ cell functional connectivity networks. 
Correlations of c-Fos+ cells with p<0.005 were used to construct functional networks for (A) CFC-
retrieval, (B) CFC-extinction, (C) context exposure-retrieval, and (D) context exposure-extinction. 
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between the networks is high (approx. two-fold), the absolute difference is very low (approx. 

0.03). The difference in average betweenness centrality among the networks is much more 

pronounced: the extinction network has a much lower average betweenness than the fear 

retrieval network, as does the habituation network relative to the context retrieval network 

(Figure 4.6E). Exploring this further by examining the betweenness of individual nodes in the 

fear retrieval (Figure 4.6F) and extinction (Figure 4.6G) networks, we find that in addition to the 

high degree nodes that we had previously noted (such as LHA, AUDd, MOs, and VISpm) having 

high betweenness centrality, some lower degree nodes do as well, most notably the dorsal 

peduncular area (DP) and PL (Figure 4.6F). Taken together, these findings suggest that 

extinction is associated with a decentralization of the fear memory trace network away from 

large and highly important sensorimotor hubs. 

 

 
Figure 4.6: The extinction network is sparser and more decentralized than the fear retrieval 
network. 
(A) Mean degree is higher in CFC-retrieval compared to other conditions, but (B) all networks display 
small world structure. (C) No significant differences observed in mean clustering coefficient. (D) CFC-
retrieval has higher global efficiency than all other conditions. (E) Mean betweenness centrality is 
higher in CFC-retrieval compared to all other groups. (F) Betweenness values for individual regions of 
CFC-retrieval mice. (G) Betweenness values for individual regions of CFC-extinction mice. 
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Extinction increases activity in prefrontal cortex (PFC) 

We analyzed the number of c-Fos+ cells across all four groups in three key areas of the brain 

known to be implicated in the fear memory and extinction circuits134: HPC, PFC, and AMG 

(Figure 4.7A-C). We found no differences in retrieval activity in either the HPC (Figure 4.7A) or 

the AMG (Figure 4.7C), but in the PFC the extinction group showed significantly higher activity 

than the fear retrieval group in all three subregions (Figure 4.7B). 

 

Decreased freezing following extinction correlates with decreased activity in ventral 

tegmental area (VTA) but increased activity in ORB 

We also analyzed how c-Fos counts across all groups correlated with behavioral output (Figure 

4.12A). We found regions in which activity both increased with freezing and decreased with 

freezing (Figure 4.7E-F). In the VTA, the number of c-Fos+ cells was positively correlated with 

the level of freezing in the extinction group but not in the fear retrieval group (Figure 4.7E). In 

contrast, the number of c-Fos+ cells in the ORB was negatively correlated with the level of 

freezing, once again only in the extinction group and not the fear retrieval group (Figure 4.7F). 

These results suggest that activity in these regions is not merely due to the act of freezing, but 

rather that ORB functions to suppress fear, whereas VTA promotes fear retrieval. 
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Figure 4.7: Extinction after contextual fear conditioning increases activity in the prefrontal 
cortex and alters the correlation between activity and behavior in the lateral amygdala, ventral 
tegmental area and orbitofrontal cortex. 
(A) Expression of c-Fos in hippocampal regions does not differ across conditions. (B) Expression of c-
Fos in prefrontal regions differs between CFC-retrieval and CFC-extinction mice. (C) Expression of c-
Fos in amygdala regions does not differ across conditions. (D) Correlation between c-Fos expression 
in the LA and freezing differential in mice that underwent CFC-extinction or context exposure-
extinction. (E) Correlation between c-Fos expression in the VTA and freezing during retrieval in mice 
that underwent CFC-retrieval or CFC-extinction. (F) Correlation between c-Fos expression in the ORB 
and freezing during retrieval in mice that underwent CFC-retrieval or CFC-extinction. 
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Extinction alters amount of coordinated reactivation of BMA and associative brain 

regions 

To analyze patterns of reactivation among brain regions, we calculated the percent of co-

labeled (eYFP+c-Fos+) cells relative to the encoding population (co-labeled/eYFP+) and 

computed pairwise inter-regional correlations as before. The correlation matrices for the fear 

retrieval (Figure 4.8A) and extinction groups (Figure 4.8B) are relatively similar, but there are 

notably fewer strong correlations among visual and somatosensory regions in the extinction 

matrix relative to the fear matrix. This is very similar to both the context retrieval and the 

habituation correlation matrices, which generally show very little coordinated reactivation, 

including among visual and somatosensory regions (Figure 4.8C-D). 

 Despite the seemingly similar matrices, running the permutation analysis revealed some 

striking differences. Focusing only on the regions with the largest differences (>1) that are also 

highly significant (p<0.005) (Figure 4.8E), we find that extinction strongly and significantly 

increases the correlation among BMA and several associative and sensorimotor regions, 

including RSP, PERI, ORB, SSp, VISam, AUDd, and MOs (Figure 4.8F). Interestingly, while all 

of these correlations increase following extinction, the correlation between BMA and DG 

strongly and significantly decreases, as do the correlations between CA1 and both PTLp and 

ACA (Figure 4.8F). Additionally, ACA and PTLp are respectively significantly correlated with the 

nucleus accumbens (AB) and the ventral tegmental area (VTA) in the fear retrieval group but 

not the extinction group (Table A.4). 
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Figure 4.8: Coordinated brain-wide reactivation of memory traces (co-labeled/eYFP+ cells) 
changes withcontextual fear conditioning and extinction training. 
Correlation analysis of co-labeled/eYFP+ activity across brain regions in mice that underwent (A) CFC 
and retrieval, (B) CFC and extinction, (C) context exposure and retrieval, or (D) context exposure and 
extinction. Square color reflects the Pearson correlation coefficient and asterisks represent a 
significant correlation. (E) Volcano plot highlighting the most significant correlations with a correlation 
difference greater than 1 between CFC-retrieval and CFC-extinction. (F) Highlighted interregional 
correlations are shown in each condition. 



106 
 

Reactivation in BLA is negatively correlated with freezing 

We compared the percent of co-labeled/eYFP+ cells in the HPC, PFC, and AMG among all four 

groups (Figure 4.9A-C). As before, we found that reactivation was significantly decreased in the 

DG in the extinction group relative to fear retrieval (Figure 4.9A), but we did not find any other 

significant differences in the PFC (Figure 4.9B) or the AMG (Figure 4.9C). We also calculated 

the correlations between reactivation in all regions and behavior (Figure 4.12) and found that 

the percent of co-labeled/eYFP+ cells in the BLA is negatively correlated with freezing behavior 

in the fear retrieval group but not the extinction group (Figure 4.9D). Additionally, we found that 

reactivation in COA (Figure 4.9E) and PA (Figure 4.9F) significantly correlated with freezing in 

the habituation group but not the extinction group, indicating that these regions might be related 

to a cautionary signal concerning new environments that is superseded by an overtly aversive 

event, like a foot shock. 
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Extinction alters coordinated reactivation of SSs and frontal cortical regions 

We also calculated the percent of co-labeled cells relative to the retrieval population (co-

labeled/c-Fos+) and ran the same correlation analysis. This analysis reinforced our previous 

findings, showing strong correlations among sensorimotor and frontal association areas in the 

fear retrieval group (Figure 4.10A) that are notably decreased in the extinction group (Figure 

4.10B), and also revealed strong correlations among different parts of primary somatosensory 

 
Figure 4.9: Brain wide reactivation of memory traces (co-labeled/eYFP+ cells) changes with 
contextual fear conditioning and extinction training. 
(A) Mice that underwent CFC-extinction have lower reactivation of the DG memory trace but no other 
differences in hippocampal memory traces. (B) No significant differences in PFC memory traces were 
observed. (C) No significant differences in AMG memory traces were observed. (D) Correlation 
between memory trace reactivation in the BLA and freezing during retrieval in mice that underwent 
CFC-retrieval or CFC-extinction. (E) Correlation between memory trace reactivation in the COA and 
freezing during retrieval in mice that underwent CFC-extinction or context exposure extinction. (F) 
Correlation between memory trace reactivation in the PA and freezing during retrieval in mice that 
underwent CFC-extinction or context exposure-extinction. 
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cortex in the extinction group (Figure 4.10B). In contrast to the co-labeled/eYFP+ analysis, in 

this analysis, the habituation and context retrieval matrices show strong correlations in cortical 

areas (Figure 4.10C-D). Furthermore, the co-labeled/c-Fos+ analysis reveals that, similar to 

extinction versus fear retrieval, relative to context retrieval, habituation decreases coordinated 

reactivation among certain associative regions, in this case RSP, TEa, and ECT, and auditory 

and motor regions (Figure 4.10C-D). 

 We ran the permutation analysis on the co-labeled/c-Fos+ data. Focusing once again on 

only the strongest (>1) and most significant (p<0.005) differences (Figure 4.10E), we find a 

similar pattern of changes as with the co-labeled/eYFP+ analysis, only this time inverted and 

involving secondary somatosensory cortex (SSs) rather than BMA. Specifically, we find that 

extinction strongly and significantly decreases the correlation between SSs and a number of 

sensory and association cortices, including VISp, DP, ACA, PL, ILA, and RSP, while increasing 

the correlation between SSs and DG (Figure 4.10F). In addition, correlations between ILA and 

both MOs and VISpm, as well as between PL and SSp, are present in the fear retrieval group 

but absent following extinction (Table A.5). 
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Figure 4.10: Coordinate brain-wide reactivation of memory traces (co-labeled/c-Fos+ cells) 
changes with contextual fear conditioning and extinction training. 
Correlation analysis of co-labeled/c-Fos+ activity across brain regions in mice that underwent (A) CFC 
and retrieval, (B) CFC and extinction, (C) context exposure and retrieval, or (D) context exposure and 
extinction. Square color reflects the Pearson correlation coefficient and asterisks represent a 
significant correlation. (E) Volcano plot highlighting the most significant correlations with a correlation 
difference higher than 1 between CFC-retrieval and CFC-extinction. (F) Highlighted interregional 
correlations are shown in each condition. 
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Freezing behavior correlates positively with reactivation of TEa, LA, and ECT following 

extinction 

As above, we compared the percent of co-labeled/c-Fos+ cells in the HPC, PFC, and AMG 

among all four groups (Figure 4.11A-C). Similarly, to the co-labeled/eYFP+ data, we found that 

the percent of co-labeled/c-Fos+ cells was significantly decreased in the DG in the extinction 

group relative to fear retrieval (Figure 4.11A), but we did not find any other significant 

differences in the PFC (Figure 4.11B) or the AMG (Figure 4.11C). We then examined the 

correlations between co-labeled/c-Fos+ cells and behavior. We found positive correlations 

between the level of freezing and the percent of co-labeled/c-Fos+ cells in the TEa, LA, and ECT 

only in the extinction group but not in the fear retrieval group (Figure 4.11D-F). These results 

suggest that engrams in these regions do not necessarily directly promote freezing, but rather 

act to oppose extinction of the fear memory, perhaps by storing some component of the 

aversive experience. This is consistent with our earlier finding of TEa activity at encoding being 

positively correlated with freezing in the extinction group (Figure 4.12B): a high proportion of the 

TEa cells active after extinction having also been active at encoding is associated with a lower 

efficacy of extinction. 
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TEa activity at encoding predicts capacity to extinguish fear 

We calculated the correlations between freezing (FRZ) on day 15 (the last re-exposure session 

for the extinction groups and the only re-exposure for the retrieval groups) and activity 

throughout the brain at all time points (encoding, retrieval, and reactivation) for all 4 groups, as 

well as the correlations between activity and change in freezing levels between the first and last 

re-exposure sessions (FRD) for the extinction and habituation groups (Figure 4.12A). We 

 
Figure 4.11: Brain wide reactivation of memory traces (co-labeled/c-Fos+ cells) changes with 
contextual fear conditioning and extinction training. 
(A) Mice that underwent CFC-extinction have lower reactivation of the DG memory trace but no other 
differences in hippocampal memory traces. (B) No significant differences in PFC memory traces were 
observed. (C) No significant differences in AMG memory traces were observed. (D) Correlation 
between memory trace reactivation in the ECT and freezing during retrieval in mice that underwent 
CFC-retrieval or CFC-extinction. (E) Correlation between memory trace reactivation in the LA and 
freezing during retrieval in mice that underwent CFC-retrieval or CFC-extinction. (F) Correlation 
between memory trace reactivation in the TEa and freezing during retrieval in mice that underwent 
CFC-retrieval or CFC-extinction. 
























































































































































































































































































