
Perineuronal nets in memory processing and 

behavior 

Elise Holter Thompson 

Thesis presented for the degree of PHILOSOPHIAE DOCTOR 

Department of Bioscience 

Faculty of Mathematics and Natural Sciences 

University of Oslo 

2020 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Elise Holter Thompson, 2020 
 
 
Series of dissertations submitted to the  
Faculty of Mathematics and Natural Sciences, University of Oslo 
No. 2326 
 
ISSN 1501-7710 
 
 
All rights reserved. No part of this publication may be  
reproduced or transmitted, in any form or by any means, without permission.   
 
 
 
 
 
 
 
 
 
Cover: Hanne Baadsgaard Utigard. 
Print production: Reprosentralen, University of Oslo. 
 
  



3 
 

Acknowledgments  

Firstly, I would like to thank my family: Tønnes, Johanne, Linnea, 

Siri, Otto, Wilhelm, Dad and especially Mom. To Esten, I am 

forever grateful for how you have always been there, you are next 

in line for a PhD and I will try my best to support you as you have 

supported me. I also want to thank my friends for all the 

brunches, workouts, taco dinners, celebrations and vacations. To 

all my colleagues, doing a PhD is rarely easy but it helps to have 

friends at work you can complain to and share ideas with. Thank 

you, Marianne for giving me a place in your research group and 

guiding me through my PhD. A final shout out to the mice and 

rats who contributed to this work.      



4 
 

Table of Contents 
 

Summary .................................................................................... 6 
List of papers .............................................................................. 9 
1 Introduction ........................................................................ 11 

1.1 Animal models ............................................................ 16 
1.2 Learning and Memory ................................................. 19 
1.3 Systems consolidation ................................................ 20 
1.4 Fear conditioning ........................................................ 24 
1.5 Conditioning in head-fixed animals ............................. 27 
1.6 Central brain areas in fear conditioning ....................... 31 
1.7 Morris water maze ...................................................... 33 
1.8 Assessment of anxiety in rodents ................................ 36 

1.8.1 Open field ............................................................ 37 
1.8.2 Zero maze ........................................................... 38 

1.9 Perineuronal nets ........................................................ 39 
1.9.1 Perineuronal net structure .................................... 40 
1.9.2 Perineuronal nets and plasticity ........................... 41 
1.9.3 Perineuronal net removal ..................................... 43 
1.9.4 Perineuronal nets and PV+ neurons .................... 46 
1.9.5 Perineuronal nets in learning and memory ........... 48 

2 Objectives .......................................................................... 51 
Paper I................................................................................... 51 
Paper II .................................................................................. 51 
Paper III ................................................................................. 52 

3 Short description of papers ................................................ 53 
Paper I: Removal of perineuronal nets disrupts recall of remote 
fear memory .......................................................................... 53 



5 

Paper II: Reduced PNN formation in PV+ interneurons causes 
behavioral deficits but only minute changes to cellular and 
circuit function ........................................................................ 55 
Paper III: A behavioral paradigm for visual discriminative fear 
conditioning in head-fixed mice .............................................. 58 

4 Methodological consideration ............................................. 61 
4.1 Ethics and approvals ................................................... 61 
4.2 Outline of experimental procedures ............................. 62 
4.3 Removal of perineuronal nets ..................................... 64 

4.3.1 Removing PNNs with the bacterial enzyme chABC
64

4.3.2 Genetic knockout of aggrecan .............................. 66 
4.4 Learning and behavior ................................................ 69 

4.4.1 Fear conditioning ................................................. 69 
4.4.2 Head-fixed fear conditioning paradigm ................. 73 

4.5 Morris water maze ....................................................... 75 
4.6 Behavior task used to investigate anxiety .................... 76 

5 Discussion .......................................................................... 77 
5.1 The importance of PNNs in V2L .................................. 77 
5.2 The importance of PV interneurons in V2L .................. 80 
5.3 Phenotype rescue in the AcanKO ............................... 81 
5.4 Compensation in the face of knockouts ....................... 84 
5.5 The reinvention of fear conditioning ............................ 87 
5.6 Future directions for head-fixed fear conditioning ........ 90 

Bibliography .............................................................................. 91 
Papers I-III .............................................................................. 117 



6 
 

Summary 
 

This doctoral thesis entails work on learning and memory with the 

goal of understanding mechanisms that regulate plasticity and 

affect memory processing. Learning paradigms described here 

involve classical Pavlovian conditioning using an aversive 

stimulus to create visual fear memories. Central to the work is the 

use of visual stimuli and understanding how visual cues paired 

with a salient stimulus cause formation of memories in rodents. 

Visual cues guides goal directed behavior and helps us recognize 

dangers, nevertheless, auditory cues are most commonly used 

when doing associative learning in rodents. In paper I, we used a 

standard fear conditioning paradigm in an operant chamber. 

While in paper III, we describe a method of doing visual fear 

conditioning with head-fixed mice, including how to monitor 

learning through studying behavior responses.  

 

In paper I and II we focus on the perineuronal nets (PNNs), a 

specialized form of extracellular matrix, and how they reduce 

plasticity in the adult brain. We also study the neurons PNNs 

most frequently surround, namely the inhibitory neuron 
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expressing parvalbumin (PV+ interneuron). This neuron subtype, 

like the PNNs, is important for directing maturation of brain 

functions in the transition from juvenile to adult. Adult brains are 

less plastic, less amenable than developing brains. This reduction 

in plasticity is partly caused by the formation of PNNs. The PNNs 

form a rigid netting structure around neurons, creating a barrier 

against alterations. The cerebral cortex is teeming with PNNs, 

they assemble at the end of critical periods, times of heightened 

plasticity in the sensory cortices. In paper I, our goal was to 

discover the role of PNNs in remote visual fear memory 

processing. Memory acquisition, consolidation and storage 

require balance between plasticity and stability, and we 

discovered that without the stabilizing presence of PNN in the 

secondary visual cortex, remote memory recall is disrupted. 

  

The role of PNNs in restricting plasticity was elucidated in paper 

II; here, we study a mouse model without PNNs around PV+ 

interneurons. In addition to halting plasticity, PNNs also affect the 

innate properties of the neurons they surround. The PV+ 

interneurons have a high firing frequency, which is believed to be 

facilitated by the PNNs. However, in paper II, we discovered that 
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PV+ interneurons in the transgenic knockout have equally high 

firing frequencies as mice with normal PNNs. Moreover, we 

discovered that the knockout animals’ memory processing 

abilities were comparable to controls. These results put into 

question the role of PNNs in PV+ interneuron function and 

memory. In conclusion, PNNs are important for the restriction of 

plasticity and creation of stability in the adult brain. If the PNNs 

are disrupted acutely, it may disrupt processes that require 

stability, such as memory storage, and it affects the properties of 

the neurons they surround. When an animal matures without 

PNNs, the effects on phenotype are less obvious, likely because 

compensatory mechanisms develop to ensure close to normal 

functionality. 
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1  Introduction   
 

You have the memory of a goldfish! We have all heard the 

expression that aims to scold the forgetful while undermining the 

cognition of goldfish. China selectively bred this member of the 

carp family over thousand years ago. The goldfish would not 

have survived for that long if it had the so-called “memory of a 

goldfish”. Creating memories of where we have been, where we 

can find food and possible dangers in our environment is crucial 

for survival. Memory processing is therefore a highly conserved 

ability. A goldfish can store a memory for months (Zippel et al., 

1993), so stop accusing them of low cognitive abilities.    

 

The brain comprises two main groups of neurons, excitatory and 

inhibitory. Excitatory neurons drive other neurons towards 

activation, while inhibitory neurons do the opposite. With this 

seemingly simple, binary system, complicated computations are 

continuously carried out, and researchers are continuously trying 

to understand it.  
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Learning may be defined as changes in behavior as a result of 

experience. This functional definition of learning has been argued 

against because changes in behavior is not necessary nor 

sufficient to prove the presence of learning. Behavior can change 

because of factors other than experience, e.g. a change in 

hormone levels, and experiences change behavior without 

learning, e.g. a sudden loud sound (De Houwer et al., 2013). The 

main argument against the functional definition is that behavior 

may be a product of learning, but it is not learning in itself 

(Lachman, 1997). The mechanistic definition simply excludes 

“behavior” and describes learning as changes in an organism as 

a result of experience. The question now becomes, what are the 

changes?  

 

The theory of synaptic plasticity revolutionized the understanding 

of learning and memory (Hebb, 1949; Konorski, 1948). Synaptic 

plasticity is described as changes in connections between 

neurons resulting from activity (Bijoch et al., 2020; Citri & 

Malenka, 2008). The polish scientist Jerzy Konorski, a student of 

Igor Pavlov, argued that synaptic plasticity also included changes 

to pre-existing synapses based on findings from his research 
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using classical conditioning. These theories were made based on 

studying behavior, discoveries of the biological mechanisms that 

could explain the changes, and acknowledgment from the 

neuroscience community, came much later (Bliss & Lomo, 1973; 

Carew et al., 1981). 

 

The term “engram”  was first used in 1904 by Richard Semon to 

describe the underlying neuronal substance of a memory (R 

Semon, 1921). With the development of modern technology, the 

engram can be modified, removed, recorded, observed and even 

created (Ghandour et al., 2019; Han et al., 2009; Liu et al., 2012; 

Vetere et al., 2019). In these studies, neurons activated during 

learning and/or memory retrieval are targeted, and by altering the 

neurons or the connections between them, they alter the engram. 

It is important to distinguish an engram from a memory. Memory 

processing is the complex phenomenon of acquiring, storing and 

retrieving information, while an engram is lasting physical and/or 

chemical changes brought on by learning (Schacter et al., 1978). 

Another important note is that memory acquisition and long term 

processing induces changes in distributed brain areas, the 

physical trace of a memory is therefore more likely a “unified 
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engram complex” as hypothesized by Richard Semon (RW 

Semon, 1923).   

Through experiments on synaptic plasticity and the engram, 

researchers have discovered changes in an organism that are a 

result of experience. However, learning is still being explained 

through studying behavior. Regardless of technical advances, the 

study of behavior remains an integral part of reaching the goal of 

understanding the mechanisms of learning.  

 

How we study behavior, monitor learning and draw conclusions 

from data gathered is a fundamental part of neuroscience. When 

measuring behavior to infer learning, it is very important to be 

aware of factors that influence results and lead to wrongful 

conclusions. If the Morris’ water maze is used to study spatial 

memory in a particular genetically altered mouse line, ensuring 

that these mice have swimming abilities comparable to controls is 

vital (Gage et al., 1984). Motivation is also an important influential 

factor. A satiated mouse is not motivated to find a hidden food 

reward, although its behavior may tell you that it does not 

remember where it is hidden (Spangenberg & Wichman, 2018). 
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Anxiety is a third factor that will influence results. Mice with high 

anxiety forced to explore a maze with the goal of finding a 

reward, or the platform in a water maze, will take longer 

compared to mice with normal or low levels of anxiety because of 

the effect anxiety has on exploration (Darcet et al., 2014; Higaki 

et al., 2018). 

 

When searching for mechanisms of learning and memory it is 

important to understand factors that regulate synaptic plasticity. 

One important aspect is understanding why plasticity, the ability 

to change, diminishes with age. Diminishing plasticity explains 

why acquiring a new language is so difficult as an adult 

(Birdsong, 2018).  However, structures that are central in the 

formation of new memories remain plastic throughout life. Adults 

are therefore equipped to acquire new memories but some 

structural changes formed during development, such as those in 

the language center, are stabilized through halting plasticity 

(Berardi et al., 2000; Birdsong, 2018; Hensch, 2004). 
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One factor that has been suggested to be important for stabilizing 

synapses and long-term memory is a specialized form of 

extracellular matrix found only in the central nervous system, the 

perineuronal net. Understanding factors that regulate plasticity 

and stability of neurons are crucial when unraveling the 

mechanisms behind learning and memory storage. Studying 

these factors also brings us closer to comprehending what 

happens when people lose their ability to learn and remember. 

 

1.1 Animal models  
 

“All models are wrong, but some are useful” (George Box, 1919-

2013) 

 

This phrase is often used by computational neuroscientists to 

explain the importance of looking at a model as a simplified 

portrait of the brain developed to understand complex 

mechanisms. It also applies to experimentalists. We use animal 

models in our research to understand the more complex 

mechanisms of the human mind. Humans have superior cognitive 
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abilities compared to other animals, but there is no evidence to 

suggest that the basic mechanisms of the human mind differs 

from that of a fruit fly (Bellen et al., 2010; Quinn et al., 1974). Fruit 

flies (Drosophila melanogaster) have been extensively used as 

model organisms for diseases affecting the brain (Jeibmann & 

Paulus, 2009). Of course, some properties cannot be modelled in 

the fly because they are exclusive to vertebrates. For this, a more 

complex model such as the fish, mouse or primate, must be 

utilized. The degree of model complexity should reflect 

experimental design and research questions.       

 

The superiority of human cognition is thought to be caused by the 

relative size of the cerebral cortex being 82% of brain mass, the 

relative size in mice is 42%. However, this is a simplified method 

of comparison because the number of neurons do not scale to 

size in the same way in primates and rodents. A 10-fold increase 

in the number of neurons in a rodent leads to a 35-fold increase 

in size, while the same change in neuron number in a primate 

only leads to a 11-fold increase in size (Herculano-Houzel, 2009; 

Herculano-Houzel et al., 2006). In primates, the number of 

neurons can increase without the cost of having a larger brain. 
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Humans do not differ from their fellow primates; the human brain 

is a linearly scaled-up primate brain (Azevedo et al., 2009). 

Because of the exponential growth of possible combinations 

between units, a linear increase in neurons creates a great leap 

in computation.  

 

The cognitive abilities of a mouse is inferior to a primate because 

its neuron density is smaller. It is a model of the human brain that 

is wrong, but it is still useful. Rodents are excellent for studying 

learning and memory because they are relatively easy to train 

and can learn quite difficult tasks, if given the time. Transgenesis, 

the process of altering the genetics of an organism, have had an 

exceptional impact on research using animal models (Navabpour 

et al., 2020). In rodents, transgenic models are mostly developed 

in mice but there is progress being made in creating transgenic 

rat models (Pradhan & Majumdar, 2016). 

 

When using rodents as a model for human memory processing, it 

requires the assumption that the underlying mechanisms are 

similar, several lines of evidence suggest that this assumption is 
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valid (Ben-Yakov et al., 2015; Zhang et al., 2018). Nonetheless, 

rodents and primates have evolved separately and natural 

selection has caused them to develop separate survival 

strategies, making them behave differently in similar situations. 

Learning to decipher responses of a model organism is essential 

when studying changes in memory deduced from behavior. 

 

1.2 Learning and Memory  
 

Information about our surroundings are received through our 

sensory system, parts of that information is held in our memory 

for a short period, then it is lost or it may induce the formation of a 

longer lasting memory through memory consolidation. Memory 

consolidation involves synaptic plasticity, structural and chemical 

changes to the synapses that require protein synthesis (Flexner 

et al., 1962). Long-term memories are divided into explicit and 

implicit memories. Implicit memories are unconscious memories, 

such as procedural memories of motor skills. These memories 

are dependent on the basal ganglia and the cerebellum (Foerde 

& Shohamy, 2011; Sanes et al., 1990) (Figure 1). Explicit 

memories are conscious memories of events or semantic 
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information (Camina & Güell, 2017). The medial temporal lobe 

including the hippocampus, an area shaped like a seahorse or a 

“hippocampus” is responsible for creating explicit memories 

(Aggleton & Brown, 1999; Clark et al., 2002; Winocur, 1985, 

1990). Long-term memories can also be divided into recent and 

remote memories. Remote explicit memories depend on further 

processing that increases the involvement of the neocortex, a 

process known as systems consolidation.      

 

1.3 Systems consolidation 
 

A systems consolidated memory is often described as a more 

generic memory, lacking in detail, perhaps because it has been 

transformed with time as a result of repeated remembrance (Lynn 

Figure 1 Illustration of sagittal sections from A) mouse brain and B) human 
brain. Arrows indicate the following brain areas in both species: basal ganglia, 
cerebellum, hippocampus and neocortex. 
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Nadel et al., 2007). Memories of summers spent as a child are 

often depicted in a positive light because we only wish to 

remember the good parts, with time this becomes our subjective 

“truth”.  

 

There are several theories on how memories are consolidated 

over time for long-term storage, but the most renowned theories 

are the standard theory of systems consolidation and multiple 

trace theory. The standard theory explains it as a gradual process 

where a memory is encoded in the hippocampus and neocortex, 

and with time the memory becomes dependent on the neocortex 

and independent of the hippocampus (Figure 2A) (McClelland et 

al., 1995; Squire & Alvarez, 1995). The first evidence in humans 

of this theory was from the famous patient H.M (Henry Molaisson) 

described by Scoville and Milner in 1957 (Scoville & MILNER, 

1957). He had extensive damage to his medial temporal lobe 

(MTL). Because of this, he had severe anterograde amnesia, 

inability to form new long-term memories, in addition to 

retrograde amnesia that mostly impacted memories acquired in 

the recent years before the surgery. The fact that many of his 

older memories were still present indicated that these memories 
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must depend on separate structures. With modern technology, 

researchers were able to reconstruct patient H.M’s brain in 3D 

and discovered that there was a significant amount of 

hippocampal tissue remaining, and there was damaged tissue 

outside the MTL (Annese et al., 2014).  

 

Patient 1846, a woman with anterograde amnesia caused by 

bilateral hippocampal damage after an episode of status 

epilepticus and anoxia, is a well-studied example of extensive 

damage limited to the hippocampus (Warren et al., 2012). Like 

H.M, 1846 had anterograde amnesia affecting declarative 

memories in particular information that require contextual 

information. By studying patients with hippocampal amnesia, 

researchers have discovered that the hippocampus functions as 

an organizer, connecting knowledge through associations. A 

process that is vital for acquiring new information.  

 

In addition to anterograde amnesia, patient 1846 had quite 

extensive retrograde amnesia, although, more recent memories 

were affected to a higher extent compared to remote memories of 
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childhood. In many MLT amnesia cases, their retrograde memory 

is largely unaffected, but this depends on the extent of damage 

(Rempel-Clower et al., 1996). It has been argued that because of 

epileptic seizures during the upbringing of 1846, her memories 

have been compromised. The alternative theory is that systems 

consolidation does not lead to total independence of the 

hippocampus, thus providing evidence for multiple trace 

theory.      

 

Similarly, to the standard model of systems consolidations, 

multiple trace theory also suggests that memories are encoded in 

the hippocampus and the neocortex; the theories differ based on 

what happens next. Multiple trace theory states that with each 

Figure 2 Illustration of the two main systems consolidation theories. A) Standard 
theory of systems consolidation. This theory states that the memory becomes 
independent of the hippocampus. B) Multiple trace theory. Multiple memory 
traces are formed with time because of repeated recall. The memory remains 
dependent of the hippocampus.   
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memory reactivation, new memory traces are created in the 

hippocampus and the neocortex, and these traces hold different 

information (Figure 2B) (L Nadel & Moscovitch, 1997; Yassa & 

Reagh, 2013). Traces in the hippocampus are episodic, holding 

spatial and temporal information, while cortex traces are 

semantic.  

 

1.4 Fear conditioning 
 

A long-established way of studying memory in animals is through 

conditioning. Conditioning is the process where a behavioral 

response becomes more predictable because of reinforcement, 

either positive or negative, and is divided into classical and 

operant. Classical conditioning involves pairing a neutral stimulus 

with a salient stimulus (Pavlov & Thompson, 1902), while operant 

conditioning is the process of altering behavior through 

reinforcement (Skinner, 1938).  

 

Fear conditioning is a classical conditioning method using 

negative reinforcement. Fear memories are created quickly and 
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are remembered for a long time. Fear conditioning is therefore an 

ideal method for studying memory consolidation and long-term 

storage (LeDoux et al., 1989). Fear conditioning is used to study 

the memory process in general, but also to study post-traumatic 

stress disorder and other anxiety related psychiatric diseases. 

Fear and anxiety can both be defined as a state produced by 

certain stimuli that create defensive behavior or escape (Steimer, 

2002). However, what causes these states are different. A 

generalized response to something uncertain or a change 

internally may initiate anxiety, while fear is initiated by a known 

threat. Therefore, what triggers fear and anxiety differ, but brain 

areas involved and the behavior response are similar.  

 

During fear conditioning, a neutral cue (e.g. light, sound, odor or 

context) called the conditioned stimulus (CS) is paired with an 

aversive cue, such as an electric shock, called the unconditioned 

stimulus (US) (Rustay et al., 2008). A memory retrieval test is 

conducted by exposing the animal to the CS, the strength of the 

memory is reflected in the conditioned response (CR). A 

commonly measured CR in rodents is freezing (Blanchard & 
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Blanchard, 1972; Fanselow, 1980). Freezing is the cessation of 

movement in a slight hunched position. An important aspect to 

remember is that the training context will elicit a CR so when 

studying the specific response to a sensory cue, the testing 

context and the training context must be different (Figure 3). This 

is especially an issue when working with remote memories, as we 

did in paper I, because contextual fear memories become 

generalized with time (Wiltgen & Silva, 2007). The testing context 

must be very different from the training context to avoid 

contextual freezing. The process of generalization after fear 

learning is an important factor in anxiety related disorders, where 

overgeneralization can cause fear response in safe situations 

(Morey et al., 2015). 

 

Figure 3 Illustration of fear conditioning in an operant chamber. Conditioning 
(left) involves pairing a conditioned stimulus (CS) with an unconditioned 
stimulus (US), the US is an electric shock delivered to the feet of the rodent 
through the metallic grid floor in the chamber. Fear memory testing is done in a 
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different context to avoid contextual freezing. The lamp in the box illustrates the 
CS used in paper I, which was a white light.   

A central aspect of our research is the use of visual cues. In both 

paper I and II we utilize visual cues in the fear conditioning 

paradigm. Auditory fear conditioning is more standard, and 

perhaps easier, when working with rodents but it is equally 

important to study the visual system, as visual cues are essential 

in learning to detect threats.  

 

1.5 Conditioning in head-fixed animals  
 

Fear conditioning is normally done in an operant chamber where 

the animal can move freely. In this context, the conditioned 

response is not restrained by anything but escaping the chamber. 

However, if we want to record the response of neurons during 

learning and/or memory retrieval we may have to use head-

fixation unless a head-mounted device is utilized. In paper I, we 

describe how to use tetrodes to record activity during memory 

retrieval in freely moving animals. If we want to study larger 

populations of neurons, or specific neuronal subtypes, an ideal 

method of recording activity is two-photon imaging. This form of 

imaging is also great for studying the same cells over several 
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days. Head-mounted two-photon devices have recently been 

developed and are assumed to contribute to progress in the field 

because it allows for studying detailed processes in freely moving 

animals (Helmchen et al., 2001; Zong et al., 2017). However, 

there are still great advantages to using the standard two-photon 

microscope, the yield of neurons being an essential factor.  

 

Head-fixation restrains natural movement and freezing is 

therefore problematic as a behavioral read-out (conditioned 

response, CR) in response to the stimulus (CS). Other additional 

responses can be used to evaluate learning and memory 

retrieval. This may be licking for a reward in food or water 

deprived animals (Ahmed et al., 2020; Gillet et al., 2018). Before 

conditioning, animals learn to lick for a reward while being head-

fixed. After fear conditioning, the animal will refrain from licking 

during the CS because fear suppresses food intake (Bouton & 

Bolles, 1980; Leaf & Muller, 1965). However, fear conditioning is 

not a learning task that requires a motivator and food/water 

deprivation is an unnecessary stressor. Moreover, when studying 

the neural response during learning and memory retrieval, the 



29 
 

response may be affected by hunger/eating/drinking/licking, 

aspects that must be controlled for before making assumptions 

about the neural response to the CS.  

 

A possible solution is using pupil size as a fear response 

measure; the pupil will become enlarged as part of the 

sympathetic response (Larsen & Waters, 2018; Steinhauer et al., 

2004). Monitoring the change in pupil size during head fixed fear 

conditioning is relatively easy, is not an added stressor for the 

animal and is not affected by head fixation (Deitcher et al., 2019; 

Garcia-Junco-Clemente et al., 2019). There are currently very 

few fear conditioning paradigms using visual cues developed for 

head-fixed mice, the details of this type of learning paradigm and 

how to use pupil size and running speed to reflect learning will be 

described in paper III. 

 

In our paradigm we used two CSs, a sinusoidal grating moving 

horizontally paired with a tail shock (CS+), and one moving 

vertically, this CS was not paired with the US (CS-) (Figure 4). 

This is called discriminative/differential fear conditioning and has 
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been extensively used in human research on anxiety disorders 

(Davey & Matchett, 1994; Dirikx et al., 2007). Having two CSs 

allows for the comparison in behavior and neuronal activity 

response to a safe cue and a cue indicating danger.  

 

 

Figure 4 Illustration of the discriminative visual fear conditioning set-up for head-
fixed mice running on a spherical treadmill. A) The paradigm include two visual 
conditioned stimuli (CS), 100% contrast sinusoidal drifting gratings, one moving 
horizontally across the screen, the other moving vertically. The CS+ is paired 
with an electric shock that is delivered to the tail of the mouse using an iso-flex 
box connected to electrode pads attached to the tail. The CS- is unpaired. B) 
One eye is illuminated using two infrared light emitting diodes (LEDs). A camera 
with a framerate >30 frames per second is used to capture a video of the pupil. 
C) Image of a mouse with a constricted pupil (top) and a dilated pupil (bottom).  

 

Fear conditioning has a long tradition in neuroscience research, 

developing proper adaptations so that we are able to study cell 

activity in vivo using methods such as two-photon imaging will 

bring us further towards understanding fear memory processing. 

The basis for completing this research is made in paper III. 
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1.6 Central brain areas in fear conditioning  
 

Fear conditioning is a versatile method of studying learning and 

memory. By changing aspects of the learning paradigm, one can 

change which brain area is involved in memory processing. The 

amygdala has been found to be a vital area for all types of fear 

learning and memory retrieval (Goosens & Maren, 2001); the 

hippocampus and the prefrontal cortex are only involved in some 

types of paradigms (Ahmed et al., 2020; Frankland et al., 2004; J. 

J. Kim & Fanselow, 1992; Varela et al., 2016); while sensory 

systems may become involved based on the conditioned stimulus 

(CS) (Cambiaghi et al., 2016; Newton et al., 2004; Sacco & 

Sacchetti, 2010; Thompson et al., 2018). 

 

Fear learning is very quick and an evolutionary preserved ability, 

learning basic cue/aversive stimulus associations can be done 

without sensory cortex (LeDoux et al., 1989; Quirk et al., 1997; 

Romanski & LeDoux, 1992). If the cues become more complex or 

if an additional cue not paired with the US is added (CS-), 

sensory cortices become important (Antunes & Moita, 2010; 
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Wigestrand et al., 2017). Acquiring an auditory fear memory is 

faster than a visual fear memory (Newton et al., 2004; Wei et al., 

2015). This is believed to be because there is a direct neural 

pathway from auditory thalamus to amygdala, while the pathway 

for the visual signal is indirect. Both in paper I and III, we describe 

methods of studying visual fear conditioning in rodents. As the 

visual system in animals is central in detecting threats in the 

environment, it is essential to understand the processing that lies 

behind fear memories created by visual associations.  

 

It has been discovered that long-term storage of cued fear 

memories depends on the secondary sensory cortices (Grosso et 

al., 2015; Sacco & Sacchetti, 2010). Cued fear conditioning will 

create a memory that becomes dependent on the sensory cortex 

specific to that cue, e.g., fear conditioning using a visual cue will 

create a remote memory dependent on the secondary visual 

cortex. In paper I, we found that disrupting perineuronal nets 

(PNNs) using enzymatic treatment in the secondary visual cortex 

caused amnesia of the remote visual fear memory, supporting the 

finding that visual fear memories become independent of other 
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areas and providing evidence for the role of PNNs in memory 

processing. 

 

1.7 Morris water maze 
 

Multiple trace theory states that spatial information remains 

dependent on the hippocampus as the memory ages, this has 

been observed several times using spatial learning tasks such as 

the Morris water maze (Broadbent et al., 2006; Ramos, 2009). 

The Morris water maze was developed by Richard G.M. Morris in 

order to study episodic-like memory in rodents. It has become a 

classical test for studying spatial learning (Morris, 1981), and it 

has been modified to be used on humans (Zhong et al., 2017). As 

opposed to fear conditioning, where memory acquisition is quick, 

the water maze is ideal for studying learning over time. We use 

this method in paper II to assess learning ability in mice with 

disrupted PNN development, in addition to looking at recent and 

remote memory storage. 
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The water maze is a circular pool with a small platform hidden 

underneath the surface of opaque water (Figure 5A). The goal of 

the task is to find the hidden platform. Memory of the platform 

position is scored by measuring time spent in the correct location 

during a probe trail where the platform is taken away. A new 

round of training may then be performed with a new platform 

location, called reversal learning, to assess cognitive flexibility. It 

was important for us to study cognitive flexibility in our transgenic 

mouse line with disrupted PNNs (termed AcanKO) in paper II 

because cognitive flexibility and plasticity are correlated (Happel 

et al., 2014), and we hypothesized that these animals had a high 

level of plasticity throughout life.  

 

In addition to finding swim length, latency to platform and other 

classical scores of learning in the water maze, one can look at 

swimming strategies (Figure 5B). The strategy used by the rodent 

during learning says a lot about its progression, cognitive abilities 

and level of anxiety.  
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Figure 5 The Morris water maze is a task used to evaluate spatial memory. A) 
Illustration of the Morris water maze. A circular pool of water with a hidden 
platform. The water is made opaque using white, water-based paint. B) 
Swimming strategies defined in paper II. Thigmotaxis and random search is 
often seen early in training, while late in training, mice use direct search and 
direct path. Thigmotaxis is a sign of anxiety in rodents. 

 

Anxiety level is an important factor that must be ruled out as 

influential when looking at spatial learning in the water maze 

(Darcet et al., 2014; Higaki et al., 2018; Pritchett et al., 2016). A 

sign of anxiety in the water maze is a swimming strategy called 

“thigmotaxis”, here the animal only swims along the edges of the 

pool, commonly seen during the first trails (Treit & Fundytus, 

1988). Low levels of anxiety may lead to a faster learning curve 

because the rodents do not waste time in the “thigmotaxis stage”, 
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while high anxiety may cause slower learning because the 

rodents are hesitant in leaving the edges of the pool.   

 

In conclusion, when using the Morris water maze as a tool to 

measure spatial learning, factors like anxiety, risk assessment 

and boldness should be assessed because they may influence 

the rate of learning. Looking at swim strategies, especially 

thigmotaxis, during training is an important part of this 

assessment. This was a very important discovery in paper II, 

where the AcanKO animals seemed to be superior learners, but 

in reality low levels of anxiety-like behavior caused them to find 

the platform sooner by avoiding thigmotaxis. When using 

behavior to infer learning, it is essential to control for aspects that 

may affect behavior and lead to wrongful conclusions about 

learning abilities.  

 

1.8 Assessment of anxiety in rodents  
 

Rodents have an innate tendency to avoid open spaces not to 

risk being seen by predators. However, rodents are explorative in 
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nature and will search their surroundings and thereby take risks 

of being spotted. The balance between hiding and exploring is 

evaluated with behavior tasks used to investigate the level of 

anxiety in an animal model. I will describe the two tests we used 

in paper II, open field and the zero maze.  

 

1.8.1 Open field 
 

The open field test is normally done in a square box with 

relatively high walls so that the rodent cannot escape. The animal 

is left in the box for a predetermined amount of time, normally 

between 5 and 10 minutes (Gould et al., 2009). The animal’s 

movements in the box are then evaluated. The open field box can 

be divided into zones for analytical purposes, simply the inner 

zone and the outer zone, or more detailed, including corners, a 

middle zone between the inner and outer zone, and so forth. 

Time spent in each zone can then be scored. A high amount of 

time spent in the inner zone of the box reflects low anxiety level, 

and vice versa (Carola et al., 2002). The speed of the animal in 

the zones is also often evaluated to reflect the activity level. One 

can also look at rearing, a common exploratory behavior in 
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rodents where it stands on its hind legs and leans its paws on the 

walls of the box.  

 

Figure 6 Illustration of an open field with red markings indicating how an open 
field can be divided into zones for analytical purposes. In this illustration, the 
open field is divided into the outer zone, the inner zone, and the center. 
Behavior, time in different zones and general motility, in the open field is scored 
to determine the state of the animal.  

 

The open field test is a basic way of assessing the state of an 

animal model. Before doing any learning protocol where activity 

level, exploration or anxiety may influence the result of the test, 

one should consider doing an open field test.  

 

1.8.2 Zero maze 
 

The zero maze, also called the elevated zero maze, is a circular 

maze elevated over the ground. It has four areas, two open areas 

and two with walls one either side. Amount of time spent in the 
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open zones compared to the closed zones reflect anxiety level of 

the animal. In this test, one should also look at exploration and 

risk assessment by scoring the amount of times the animal dips 

its head over the edge of the open zone. The zero maze is ideally 

designed for estimating level of anxiety, risk assessment and 

exploration in rodents (Kulkarni et al., 2007).   

 

Figure 7 Illustration of the elevated zero maze. The maze has four zones, two 
with walls and two open zones. Time spent in the open zones versus the walled 
zones reflect level of anxiety. 

 

1.9 Perineuronal nets 
 

Learning and memory are processes that require both plasticity 

and stability, and because perineuronal nets (PNNs) restrict 

plasticity and provide stability; PNNs may be an interesting target 

to understand mechanisms of learning and memory. The results 

of removing PNNs varies based on the type of memory and the 

site of removal, but in general removing PNNs has a positive 
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effect on acquisition (Happel et al., 2014; Romberg et al., 2013; 

Rowlands et al., 2018) and a negative effect on memory 

consolidation and storage (Banerjee et al., 2017; Gogolla et al., 

2009; Shi et al., 2019; Slaker et al., 2015; Thompson et al., 

2018). 

 

1.9.1 Perineuronal net structure 
 

The perineuronal net (PNN) is a specialized form of extracellular 

matrix (ECM) found only in the central nervous system (CNS) 

(Celio & Blümcke, 1994; Hockfield et al., 1990; Hockfield & 

McKay, 1983). The PNNs consists of hyaluronic acid, chondroitin 

sulfate proteoglycans (CSPGs), glycosaminoglycan (GAG) 

chains, tenascin-R and link proteins (Figure 6) (Carulli et al., 

2006; Deepa et al., 2006). The GAG chains are connected to the 

CSPGs, the number of chains depends on the type of 

proteoglycan. There are four major proteoglycans in PNNs: 

aggrecan, brevican, neurocan and versican. Link proteins bind 

hyaluronic acid to proteoglycans, while tenascin-R connects the 

proteoglycans to each other (Kwok et al., 2011). 
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The expression of PNNs varies across the brain. In the 

neocortex, PNNs are mostly found around a subtype of inhibitory 

neurons that expresses parvalbumin (PV+ interneurons) (Härtig 

et al., 1992). In other areas, like the hypothalamus, amygdala and 

CA2 of the hippocampus, PNNs are also found around excitatory 

neurons (Carstens et al., 2016; Lensjø, Christensen, et al., 2017; 

Morikawa et al., 2017).  

 

1.9.2 Perineuronal nets and plasticity 
 

Perineuronal nets develop as the CNS matures (Galtrey & 

Fawcett, 2007; Pizzorusso et al., 2002). In the sensory cortices, 

the formation of PNNs is activity-dependent, e.g. if an animal is 

Figure 8 A) Illustration of perineuronal net (PNN, green) around a parvalbumin 
positive interneuron, the net is around the soma and proximal dendrites. B) 
Detailed illustration of the PNN components, how they combine to form the net 
and attach to the plasma membrane.  
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deprived of light, PNNs in the visual cortex will not develop 

properly (Lander et al., 1997; Zaremba et al., 1989). With proper 

excitatory input, the PNNs will develop at the end of the critical 

period in the sensory systems (Balmer et al., 2009). These are 

periods of heightened plasticity where large structural changes 

can occur (Fagiolini et al., 1994).  When this period ends, the 

level of plasticity decreases, reducing the neuronal circuit 

response to experiences, such as those caused by sensory 

deprivation (Cang et al., 2005; WIESEL & HUBEL, 1963). In the 

mature brain, PNNs act as a physical barrier that controls the 

formation of new connections between neurons (Corvetti & Rossi, 

2005). The CSPGs restrict axonal growth, this effect is enhanced 

through binding Semaphorin 3A (Dick et al., 2013). Semaphorin 

3A is a chemorepellent for developing neuronal projections, and 

has been shown to have a large effect on synapse dynamics 

(Bouzioukh et al., 2006). The PNNs also affect the composition of 

the synapse by obstructing movement of AMPA receptors in the 

plasma membrane (Frischknecht et al., 2009).     

 



43 
 

A thoroughly studied example of activity-dependent plasticity 

where PNNs are involved is ocular dominance shift in the visual 

cortex after monocular deprivation (Hensch, 2004; Hubel & 

Wiesel, 1970; Pizzorusso et al., 2002). Monocular deprivation is 

used to treat amblyopia in young children. In amblyopia, the 

brain's response to one eye is reduced, in some cases leading to 

blindness in the dysfunctional eye. If the eye is trained by 

depriving visual input to the healthy eye, it can greatly improve 

the condition and lead to normal eyesight. This must be done at a 

young age during the critical period for vision. In humans, the 

critical period in the visual system closes at around seven years. 

The large structural changes that are needed to improve sight on 

the non-responsive eye are less likely to occur after critical period 

closure (Epelbaum et al., 1993; Scheiman, 2005). It has been 

discovered that if PNNs are removed from the primary visual 

cortex in an adult animal, large structural changes can take place, 

similar to those seen in juvenile animals (Lensjø, Lepperød, et al., 

2017; Pizzorusso et al., 2002; Rowlands et al., 2018). 

 

1.9.3 Perineuronal net removal 
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Digesting PNNs with the bacterial enzyme chondroitinase ABC 

(chABC) has been frequently used to investigate PNN function. 

The treatment is quick and efficient. Within two days, PNNs are 

removed (Lensjø, Lepperød, et al., 2017). The site of digestion 

can be specified to an area of choice, chABC ensures complete 

PNN removal, and the enzyme works both in vivo and in vitro 

(Bartus et al., 2014; Elkin et al., 2011; Thompson et al., 2018). 

The chABC enzyme qualities including quick degeneration, 

effectiveness and specificity in area of impact were great 

advantages in the experiments described in paper I.   

 

A disadvantage of using chABC is that effects of the treatment 

are caused by ECM removal in general, not PNNs specifically 

(Bartus et al., 2014). However, several studies have used chABC 

in parallel with more PNN specific removal methods and seen 

similar results, indicating that the effect of chABC on brain 

function is caused by PNN digestion (Gogolla et al., 2009; Happel 

et al., 2014). A separate issue is that the effect of chABC 

treatment is not permanent and PNNs will gradually regenerate 

over time. This can also be used as an advantage, having the 
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possibility of seeing the impact of the manipulation shortly after 

removal and again when the PNNs have regenerated.  

 

An alternative and more PNN specific method of removing PNNs, 

is using genetics to disrupt PNN development by targeting 

components of the PNNs. Several PNN components have been 

targeted for knockout to create mice with PNN deficiency 

including brevican, aggrecan, link protein (Crl1) and tenascin 

(Brückner et al., 2000; Czipri et al., 2003; Favuzzi et al., 2017; 

Kwok et al., 2010; Rowlands et al., 2018). Additionally, a recent 

paper described a quadruple knockout mouse lacking Tenascin-

C, Tenascin-R, neurocan and brevican (Gottschling et al., 2019). 

The mouse line with the largest impact on PNN assembly, 

however, was the one affecting aggrecan (Rowlands et al., 2018). 

 

The Acan knockout (Acan-loxP) developed by Rowlands and 

colleagues (2018) is a conditional transgenic mouse line 

developed using the cre-lox system (Sauer & Henderson, 1988). 

The gene targeted for removal is flanked by loxP sequences, 

these sequences are recognized by a site-specific recombinase 
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called Cre-recombinase. Cre-recombinase excises the genetic 

sequence between the loxP sites. The knockout can be area-

specific by injecting a virus carrying Cre-recombinase, or it can 

become brain-wide by crossing it with an animal expressing Cre, 

such as the Nestin-Cre mouse (Rowlands et al., 2018; Tronche et 

al., 1999) or the PV-Cre mouse (Hippenmeyer et al., 2005). In 

paper II we describe the phenotype of the AcanKO mouse, an 

Acan-loxP/PV-Cre cross.   

 

1.9.4 Perineuronal nets and PV+ neurons 
 

The PNNs are stable structures that may be altered 

endogenously by metalloproteinases (Lorenzo Bozzelli et al., 

2018; Meighan et al., 2006). A recent study showed that 

decreasing the activity of PNN bearing PV+ interneurons over 

time caused a decrease in PNN density (Devienne et al., 2019). 

Indicating that PV+ neurons may regulate their own PNNs in an 

activity-dependent manner.  
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Removal of PNNs in vitro and in vivo has been shown to reduce 

PV+ interneuron activity (Lensjø, Lepperød, et al., 2017; Tewari 

et al., 2018). This may be explained by the finding that PNN 

removal alters the density of excitatory and inhibitory synapses 

onto PV+ neurons in vivo (Favuzzi et al., 2017; Lensjø, 

Christensen, et al., 2017; Pyka et al., 2011). Removing PNNs 

using chABC causes increased density of inhibitory input on PV 

neurons in visual cortex, while it leads to less excitatory input in 

the entorhinal cortex, ultimately having the same effect on PV+ 

neuron activity. The effect was shown to be PNN specific in a 

study using a brevican knockout mouse. Here they found a 

reduction of excitatory input onto PV+ interneurons in the 

hippocampus and reduced PV+ interneuron activity (Favuzzi et 

al., 2017). The drawback of this study is that brevican 

knockout only causes a slight disruption of PNNs. It is unknown 

how a complete PNN removal has on the innate properties of 

PV+ neurons. This will be addressed in paper II.  

 

Reduced PV+ neuron activity following PNN removal may also be 

caused by an increase in capacitance (Tewari et al., 2018). 

Similarly to myelin sheaths around axons, PNNs reduce the 
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membrane capacitance, allowing the cell to fire at very high 

frequencies because the membrane depolarizes more quickly. 

However, this reduction in capacitance has only been observed 

after chABC treatment, it remains to be discovered if the effects 

are caused by PNN removal specifically or ECM degeneration in 

general.   

 

In conclusion, PNN density and PV+ neuron activity and 

functionality are linked, altering one affects the other. How does 

PNNs and PV+ interneurons affect learning and memory? 

 

1.9.5 Perineuronal nets in learning and memory  
 

Different theories on why PNNs are important for learning and 

memory have been suggested. One theory is that PNNs function 

as a physical barrier that controls the formation of new synapses 

and the alteration of existing ones; the nets restrict changes 

needed for the formation of new memories and ensure the 

stability of those already created (Tsien, 2013).  
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Another theory is that PNNs exert their effect on memory through 

their impact on the innate properties of the neurons they surround 

(Shi et al., 2019). If PV+ interneurons are inhibited in the 

hippocampus or the medial prefrontal cortex (mPFC) after 

learning, it disrupts memory consolidation of a contextual fear 

memory (Ognjanovski et al., 2017; Xia et al., 2017). The PV+ 

interneurons are important for regulating spike timing during 

oscillations, and this activity is vital for synchronizing activity 

between hippocampus and mPFC. Without this synchronized 

activity, memory consolidation is disrupted (Xia et al., 2017). We 

discovered in paper I that chABC treatment in the secondary 

visual cortex (V2L) before a remote fear memory test disrupted 

memory retrieval and the synchronized activity between V2L and 

the amygdala.  

 

The PNN structure is likely altered in an activity-dependent 

manner. Research discovered that contextual fear conditioning 

caused an increase in metalloproteinase MMP-9 transcription in 

amygdala, hippocampus and prefrontal cortex (Ganguly et al., 

2013). Moreover, it was observed that increased exercise in rats 

leads to reduced levels of PNNs in the same areas (Smith et al., 
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2015). Studies have also suggested that PNN components are 

upregulated following learning, during the consolidation period 

(Banerjee et al., 2017; Cornez et al., 2018). 

 

The functional role of PNNs in learning and memory is still 

unclear, most likely PNNs affect several functions important for 

memory. It is important for the field to combine studies on the 

functional consequences of PNN removal with more detailed, 

mechanistic studies on the PNNs and the cells they surround. 
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2 Objectives 
 

The main objective for this doctoral thesis was to investigate how 

perineuronal nets affect memory processing in rodents. More 

specifically to study fear memory processing, spatial learning and 

behavior in rodents, and examine the impact of PNNs, particularly 

in visual cortex, on these processes. The individual objectives of 

the three papers are described below.  

 

Paper I 
 

The objective of paper I was to study how enzymatic removal of 

PNNs in the secondary visual cortex affects visual fear memory 

processing.  

 
Paper II  
 

The objective of paper II was to study the phenotype of a novel 

genetic mouse line with brain wide disruption of PNN 

development around PV+ interneurons.  
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Paper III  
 

The objective of paper III was to develop a head-fixed fear 

conditioning protocol using two visual cues, where pupil size and 

running speed were monitored to reflect learning and memory 

recall. The behavioral paradigm was designed to be used in 

combination with neural recording such as two-photon imaging or 

electrophysiology.  
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3 Short description of papers 
 

Paper I: Removal of perineuronal nets disrupts 
recall of remote fear memory  
 

Paper I investigates the role of intact perineuronal nets (PNNs) 

during visually cued fear memory processing. We focus on PNNs 

in the visual cortex, specifically in the lateral secondary visual 

cortex (V2L). Cued fear conditioning involves pairing a sensory 

cue, e.g. a sound or a visual input, with an aversive cue. Sacco 

and colleagues  discovered that with time a cued fear memory 

becomes dependent on the secondary sensory cortex specific to 

the cue (Sacco & Sacchetti, 2010). If visual cues is used, the 

memory becomes dependent on the secondary visual cortex. The 

time frame is uncertain, but believed to be around three weeks. 

 

Our interest in PNNs in regards to remote memory was sparked 

by a hypothesis stating that PNNs may be essential for the 

storage of memories over longer periods because of the longevity 

of PNN components (Tsien, 2013). There was no empirical 

evidence supporting this hypothesis.  
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We used the bacterial enzyme chABC to degrade the PNNs and 

discovered that if PNNs in the V2L are removed three weeks after 

visual fear conditioning, remote memory retrieval is impaired. 

Timing of the chABC treatment was central to the outcome. If 

chABC was injected before learning or shortly after, it had no 

impact. This indicates that the presence of PNNs in V2L is not 

important for memory acquisition or consolidation, only 

storage/remote memory retrieval.   

 

By using chronically implanted tetrodes to record extracellular 

potentials, we discovered synchronized theta oscillations 

between the basolateral amygdala and V2L during memory 

retrieval. This synchronized activity was disrupted in rats treated 

with chABC in V2L, indicating that the synchronized activity was 

essential for memory recall.  

 

In conclusion, removing PNNs in V2L disrupted remote memory 

retrieval and occluded synchronized theta oscillations between 

visual cortex and amygdala.  
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Paper II: Reduced PNN formation in PV+ 
interneurons causes behavioral deficits but only 
minute changes to cellular and circuit function 
 

In paper II, we explore the phenotype of the AcanKO mouse, a 

mouse line where development of perineuronal nets (PNNs) 

around PV+ neurons is disrupted.  

 

In paper I, we used chABC to remove PNNs, a bacterial enzyme 

that cleaves off chondroitin sulfate side chains on all types of 

extracellular matrix (ECM) not only PNNs. To increase specificity 

one must employ genetic methods that target expression of PNN 

components. Rowlands et al. utilized the cre-lox system (Hoess & 

Abremski, 1990) to create a conditional transgenic mouse model 

that targets aggrecan (Acan-loxP) (Rowlands et al., 2018). When 

neurons stop expressing aggrecan, PNNs do not assemble. We 

created the AcanKO by crossing the Acan-loxP mouse and the 

PVcre mouse (Hippenmeyer et al., 2005), resulting in a mouse 

line where PNN disruption is specific to PV+ neurons.  
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Depletion of PNNs around PV+ neurons was complete in the 

AcanKO, proving the necessity of aggrecan, and showing that 

PV+ neurons create their own PNNs.   

 

Our results demonstrated that the disruption of PNN development 

affected expression of parvalbumin. Previous studies have shown 

that reduced expression of PNNs also causes a reduction in the 

expression of PV. Contrary to these discoveries, we found that 

AcanKO mice had higher expression levels of PV, indirectly 

measured through fluorescent intensity.  

 

Several have demonstrated that PNNs affect the intrinsic 

properties of PV+ neurons, particularly through facilitating their 

high firing rate (Favuzzi et al., 2017; Lensjø, Lepperød, et al., 

2017; Tewari et al., 2018). It was therefore very surprising to 

discover using in vitro patch clamp recordings in the visual cortex 

that the physiology of PV+ interneurons in the AcanKO were 

largely unaffected. Furthermore, we recorded extracellular activity 

in the primary visual cortex of awake mice both during periods of 

spontaneous activity and while being presented visual stimuli, but 
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discovered no differences between AcanKO and PVcre controls. 

The minimal effects to circuit and cellular activity indicates that 

PNNs are not essential for proper function of PV+ interneurons, 

as long as the neurons have time to adjust perhaps through 

development of compensatory mechanisms.  

 

We trained AcanKO mice in the Morris water maze to investigate 

possible differences in learning and memory processing and 

found that AcanKO mice performed slightly better than PVcre 

controls. Normally, rodents will stay in the periphery of the pool 

until they are habituated to the water maze, then they will start 

exploring. AcanKOs did not stay in the periphery, but rather 

scanned the entire pool, and therefore found the hidden platform 

quicker compared to controls. We confirmed that the AcanKOs’ 

lack of peripheral swimming in the water maze was caused by a 

less anxiety-like behavior and risk assessment by testing them in 

an open field and a zero maze.  

 

In conclusion, knocking out Acan in PV+ neurons caused a brain-

wide, cell specific depletion of PNNs. We discovered that the 
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AcanKO mice had memory processing abilities comparable to 

controls, but their lower levels of risk assessment and anxiety-like 

behavior affected their performance in the water maze. It was 

also surprising to discover that the electrophysiological properties 

of AcanKO PV+ neurons were unaffected by the lack of PNNs.  

 

Paper III: A behavioral paradigm for visual 
discriminative fear conditioning in head-fixed mice 
 

In the third paper, we describe a discriminative visual fear 

conditioning paradigm for head-fixed mice, including how to use 

running speed and pupil size to measure effect of training and 

presence of memory. The aim of the project was to create a 

learning paradigm specifically developed to use with recording 

systems requiring stabilization of the head. There are relatively 

few cued fear conditioning protocols developed for head-fixed 

mice, and most of those that exist are developed for auditory fear 

conditioning.  
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In paper I, we used a simple white light as the visual cue in our 

fear conditioning paradigm, while in paper III we used drifting 

sinusoidal gratings. Furthermore, we used two visual cues, one 

paired with the aversive stimulus (CS+), and one unpaired (CS-), 

thus creating a discriminative learning protocol.  

 

In the first paper, we used an operant chamber during fear 

conditioning where the animals can move freely. The natural fear 

reaction of a rodent is to freeze, and with freely moving animals, 

measuring freezing is sufficient to reflect learning. In head-fixed 

mice, this natural fear response is hindered because they cannot 

go into the slight hunched freezing position. Running speed 

should be measured because sudden changes reflect the internal 

state of the animal. However, running speed is not sufficient in 

reflecting learning; therefore, monitoring pupil size is a good 

added measure to map out the emotional state of the animal. The 

pupil will dilate when the animal's sympathetic nervous system 

activates during perception of fear (Steinhauer et al., 2004).  
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Results from training showed that mice learn the CS/US 

association relatively quickly, already on day two we observed a 

positive effect of training, but mice spend longer learning to 

discriminate between the two CSs (5-7 days). We tested their 

memory twice, after 24 hours and four days. During the 24-hour 

test, their response to the CS+ and CS- reflected which signal 

indicated danger and which indicated safety. Their memory was 

diminished after four days, but their behavior suggested a 

presence of visual stimuli discrimination.  

 

Our goal is to use this learning protocol while recording neuronal 

activity and it will be highly interesting to monitor how activity 

created by the CS+ and the CS- changes over time in correlation 

with behavior responses.  
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4 Methodological consideration  
 

The methods used in paper I and III were developed to study fear 

memory processing in the visual cortex, while those outlined in 

paper II focus on mapping out the phenotype of a transgenic 

mouse line without the Acan gene in PV+ neurons. A central 

aspect to the studies is the role of PNNs in experience-dependent 

plasticity in the adult. We used two different methods of removing 

perineuronal net, one enzymatic the other genetic. The methods 

share the goal of removing PNNs, but are otherwise very 

different. 

 

4.1 Ethics and approvals  
 

All experimental procedures were conducted in agreement with 

guidelines for work with laboratory animals described by the 

European Union (directive 2010/63/EU) and the Norwegian 

Animal Welfare Act of 1974 (replaced by the new Animal Welfare 

Act in 2010). Experiments were approved by the National Animal 

Research Authority of Norway (Mattilsynet) (project ID 5197 and 
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14680). All experiments followed the principles of humane 

experimental techniques, to Replace, Reduce and Refine. 

4.2 Outline of experimental procedures  
 

In paper I, we used fear conditioning to study the role of 

perineuronal nets (PNNs) in remote memory processing in rats. 

Fear conditioning leads to quick acquisition of a fear memory that 

lasts for a long time. The method is therefore ideal in the study of 

remote memories. The bacterial enzyme chABC was used to 

digest PNNs in vivo. Tetrodes were used to record neuronal 

activity in the lateral secondary visual cortex and the basolateral 

amygdala during memory recall. Tetrodes is a bundle of four 

electrodes and is used to make extracellular recordings, both 

local field potentials (LFP) and single unit activity. The analysis of 

the recorded data focused on the LFP, the main reason for this 

being that LFP had been used in similar experiments (Cambiaghi 

et al., 2016; Courtin et al., 2014).  

 

In paper II, the phenotype of a novel mouse line (termed the 

AcanKO mouse) was studied. The AcanKO has a brain-wide 

disruption of PNN development around PV+ interneurons. We 
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used immunohistochemistry to show that knocking out the Acan 

gene in PV+ neurons was sufficient to disrupt PNN development. 

We performed extracellular recordings in the primary visual 

cortex during visual stimulation using a silicone probe. The 

silicone probe has 32 vertically placed recording sites, creating 

the possibility of recording activity from all layers of the visual 

cortex. It is possible to record single unit activity with the silicone 

probe; however, we focused our analysis on the LFP. 

 

Moreover, we use patch-clamp to characterize the innate 

properties of PV+ interneurons in the primary visual cortex. To 

identify PV+ neurons, we used viral vectors expressing the red 

fluorescent protein tdTomato. Current clamp experiments were 

conducted to establish the FI curve (firing rate as a function of 

input) and the maximum firing rate; additionally we calculated 

input resistance, decay time constant and capacitance. By 

including patch-clamp recordings, we gained important 

knowledge on the functionality of PV+ neurons in our knockout 

mouse model.  
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The AcanKO’s ability to learn and store memories was tested by 

using the Morris water maze, a spatial learning task. 

Furthermore, their behavior state was tested in the open field and 

the zero maze.  

 

In paper III, we describe a method for doing visual fear 

conditioning in head-fixed mice, including how to monitor effect of 

training by recording running speed and pupil size.    

   

4.3 Removal of perineuronal nets 
 

4.3.1 Removing PNNs with the bacterial enzyme chABC 
 

The bacterial enzyme chondroitinase ABC (chABC) cleaves 

chondroitin sulfate glycosaminoglycan (CS-GAG) side chains 

attached to the protein cores of proteoglycans (called CSPGs), 

structures often found in the extracellular matrix (ECM) in the 

central nervous system (Kwok et al., 2011; Watanabe et al., 

1989). Perineuronal nets are enriched in CSPSs and their 

structure is degraded when exposed to the chABC enzyme. 

However, because other forms of ECM also contain CSPGs, 
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these are also degraded after chABC treatment. Because chABC 

is not specific to PNNs, one cannot claim that the result of 

treatment is caused by PNN removal. However, experiments in 

which animals treated with chABC were compared with genetic 

removal of PNN components show comparable effects supporting 

that the effect of chABC is due to PNN removal (Gogolla et al., 

2009; Happel et al., 2014).    

 

After chABC treatment, the PNNs quickly degenerate (within 

three days) and then gradually regenerate, after 60 days the nets 

are almost completely regrown (Lensjø, Lepperød, et al., 2017). 

For long-term assessment of PNN removal, the return of PNNs 

may affect the results. However, it allows for the possibility of 

studying the animal without PNNs and then when the PNNs have 

returned. After enzyme treatment, an epitope (3B3 epitope) is 

exposed on the site of cleaving; this site remains present even 

after the PNN regenerates (Christner et al., 1980). By using an 

antibody that recognizes and binds to the 3B3 epitope, we can 

label the site where chABC was active. If the experimental design 

requires that PNN do not regenerate it is possible to use a viral 
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vector expressing chABC, causing transfected cells to 

continuously secret chABC (Zhao et al., 2011). This is a good 

alternative method for rats because permanent PNN removal 

using genetically targeted knockout is not available.  

 

Using chABC to study the effect of PNN removal is not ideal 

because the treatment is not specific to PNNs. However, it is 

effective, quick and available in rats, aspects that may be 

important based on experimental design. In paper I, chABC 

efficiency made it an ideal method for removing PNNs because 

we tested the effect of PNN removal during different times of 

memory processing, i.e. acquisition, consolidation and retrieval. 

By using chABC, we could study the effect of PNN removal on 

each process individually.  

 

4.3.2 Genetic knockout of aggrecan 
 

An alternative to chABC is using genetic strategies that target 

PNN components for removal, such as the Acan-loxP approach 

in paper II. The mouse line described in paper II (termed 
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AcanKO) is a cross between the homozygous Acan-loxP mouse 

(Rowlands et al., 2018) and the PVcre mouse (Hippenmeyer et 

al., 2005). Expression of Cre-recombinase in all PV+ neurons 

results Acan gene knockout. This genetic approach is very 

different from using chABC because of the brain-wide effect, cell 

specificity and because it is a permanent way of only removing 

PNNs.  

 

The conditional Acan-loxP mouse described in Rowlands et al. 

(2018) can be used for removing PNNs in specified areas after 

birth by injection of virus expressing cre-recombinase; it is 

therefore similar to chABC, but specific to PNNs.   

 

The Acan-loxP has also been crossed with the Nestin-Cre mouse 

(Tronche et al., 1999), knocking out Acan in all neurons, creating 

a mouse line that in many ways is comparable to AcanKO. 

However, we did not discover the same effects on the phenotype 

besides the drastic impact on PNN assembly. Similarly to other 

studies on brain-wide PNN disruption, they saw a positive impact 

on object recognition memory (ORM) (Favuzzi et al., 2017; 
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Romberg et al., 2013). Our reasoning for not doing the ORM task, 

but instead the water maze, is that both tasks are hippocampus 

dependent, but the water maze is more complex, shows learning 

progress over several days, creates remote memories and 

reflects a more broad range of behaviors. The water maze is also 

a great method for studying cognitive flexibility, an ability that 

correlates with plasticity (Happel et al., 2014). Additionally, after 

observing that the AcanKO had largely comparable learning and 

memory abilities to controls, doing another hippocampus 

dependent learning task seemed redundant.     

 

Several studies have found that the maturation of PV+ 

interneurons in the juvenile brain involves the development of 

PNNs (Marín, 2016; Takesian & Hensch, 2013). In the adult, 

PNNs maintain proper PV+ interneuron signaling (Favuzzi et al., 

2017; Lensjø, Lepperød, et al., 2017; Tewari et al., 2018). We 

used patch clamp recordings in vitro to map out the intrinsic 

properties of PV+ interneurons in primary visual cortex (V1) of the 

AcanKO mouse. We also recorded extracellular activity in V1 

from awake, moving mice, but discovered no differences between 
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AcanKOs and controls. Based on the literature, it was surprising 

to discover that the electrophysiological properties of the AcanKO 

was unaffected by disrupted PNN development.  

 

We need to focus our research further on the properties of the 

AcanKO PV+ interneurons to investigate the possible 

development of compensatory mechanisms. 

In conclusion, the answers we get from using acute PNN removal 

in adult animals and transgenic animals born with a knockout are 

different, but complement each other towards the goal of finding 

the role of PNNs.  

 

4.4 Learning and behavior 
 

4.4.1 Fear conditioning  
 

Fear conditioning is the pairing of a conditioned stimulus (CS) 

with an unconditioned stimulus (US). The US is an aversive 

stimulus, such as a mild, yet uncomfortable electric shock 

delivered to the floor of the conditioning chamber. After fear 

conditioning the CS will elicit a conditioned response (CR). The 
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CR includes, but is not limited to, increased heart rate, enlarged 

pupils, and in rodents a common response is freezing, which is 

cessation of movement (Fanselow, 1980). 

 

The learning process can be done in a single session with only a 

few US/CS pairings, and creates long-term, robust memories 

(LeDoux et al., 1989). Testing the memory can be done weeks 

and even months after training. However, when the animal is 

exposed to the CS while not paired with the US during a test, 

extinction takes place relatively quickly (Milad & Quirk, 2012). 

Extinction is the process of creating a memory of the CS as a 

safe signal, after extinction the CS will not elicit a CR.  Behavioral 

response to the CS during a test should be limited to the first 2-5 

CSs.  Additionally, when recording neuronal activity during a 

memory test to reflect activity initiated by memory retrieval, the 

response should also be limited to the initial CSs. In paper I, we 

used tetrodes to record activity in the lateral secondary visual 

cortex (V2L) and in the basolateral amygdala (BLA) to look for 

synchronized activity during fear memory retrieval in freely 

moving rats. We discovered that synchronized activity was 
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present in animals with normal memory retrieval, but disrupted in 

those treated with chABC in V2L. This synchronization in activity 

between BLA and secondary sensory cortex has been discovered 

previously in rats during retrieval of a remote auditory fear 

memory, also based on a limited dataset (Cambiaghi et al., 

2016). Here they discovered that inhibiting neuronal activity in the 

secondary auditory cortex disrupted synchronization.   

 

Using fear conditioning to study memory is highly useful for 

studying memory consolidation and storage. If the focus of a 

study is the process of learning or memory retrieval in itself, fear 

conditioning is not ideal because these processes are so quick. In 

paper I, fear conditioning was the ideal learning paradigm 

because our aim was to study remote memories and fear 

conditioning creates very robust, long-term memories. However, 

when we recorded activity during the remote memory test it was 

suboptimal that we had such a small window of opportunity to 

record the correct signal and the data we gathered was relatively 

small. This small amount of data limits the possibility regarding 

analysis of the signal. 
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Studying remote memory is a challenging task because ideally 

you need a robust memory that is not subject to extinction. An 

advantage with fear memories is that extinction does not erase 

the fear memory, but creates an extinction memory that overrides 

the behavior response to the CS. A quick reminder session, e.g. 

a single delivery of a US in the training context, will bring the fear 

memory back, allowing further study (Rescorla & Heth, 1975).     

 

Fear conditioning is a quick process, but methods may be 

implemented to prolong the learning session. One method is to 

do discriminative fear conditioning, here one CS is paired with the 

US and another CS is unpaired. While having a single auditory 

cue only requires one pairing, learning to differentiate between 

two auditory CSs requires a minimum of six pairings (W. Bin Kim 

& Cho, 2017). In paper III, we describe a discriminative fear 

conditioning paradigm using visual cues, similarly to paper I we 

aim to study processing in visual cortex, but in addition we wish 

to look more in detail into learning over time.        
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4.4.2 Head-fixed fear conditioning paradigm  
 

Neuronal recording methods, such as two-photon microscopy, 

used for recording activity from a large body of neurons require 

stabilization to optimize data quality. When using these methods 

to study activity in vivo in awake, moving animals, the animals 

must be head-fixed to minimize tissue movement. There has 

been great progress made in developing head-mounted devices, 

but the standard two-photon microscope is superior for large-

scale recordings, which is beneficial for data processing and 

analysis. Furthermore, if in vivo fluorescent staining of PNN 

components is realized, using a two-photon microscope will allow 

for detailed studies on the nets.  

 

If a learning paradigm is being carried out in head-fixed mice and 

they are supposed to move during the paradigm, the habituation 

process is very important to ensure that the animals run 

comfortably. This will allow the animals to move at will, and 

minimize stress.  
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Fear conditioning with head-fixed animals is normally done using 

an electric shock to the tail or an air puff to the eye as in the US, 

in paper III, we used a tail-shock. The US is paired with a 

conditioned stimulus (CS), which in paper III is a drifting 

sinusoidal grating displayed on a computer monitor. Some 

studies do fear conditioning in a chamber and only perform the 

test under the microscope to avoid having to perform fear 

conditioning on head-fixed animals (Deitcher et al., 2019; Garcia-

Junco-Clemente et al., 2019). This is a more simple option, but it 

eliminates the possibility of studying neuronal activity during 

learning, which is an important aim in the project described in 

paper III.  

 

Monitoring of behavior during training and testing is more difficult 

in head-fixed animals compared to freely moving animals. In 

freely moving animals, it is sufficient to record freezing to reflect 

learning rate and strength of memory. Head-fixation inhibits the 

natural freezing position; nonetheless, it is useful to record 

running speed. Tracking running speed and especially sudden 

changes in speed is helpful in reflecting learning. Mice may ramp 
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up their speed when getting a tail shock, or when expecting a tail 

shock. However, tracking speed is not sufficient in reflecting 

learning. Monitoring pupil size is a valuable added behavior 

output that reflects the state of the animal (Deitcher et al., 2019; 

Garcia-Junco-Clemente et al., 2019). When the animal is 

frightened, its sympathetic nervous system activates and the 

pupil dilates (Steinhauer et al., 2004).  

 

In our learning paradigm, we used discriminative fear 

conditioning, where we have two CSs, one paired with the US 

(CS+) and one unpaired (CS-). It takes longer to learn the CS/US 

association when including a CS- and it might make the memory 

less robust/long lasting, but is beneficial in the analysis of 

behavior and neural activity. 

 

4.5 Morris water maze 
 

The Morris water maze is a spatial learning task where a rodent 

is placed in a circular pool of opaque water and must find a 

platform hidden underneath the surface (Morris, 1981). It takes 
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mice up to seven days to learn the platform location and is 

therefore an ideal method for studying learning over time.  

 

We discovered in paper II that the AcanKOs had lower levels of 

anxiety-like behavior and that this affected their learning curve, 

but had minimal impact on memory, both recent and remote. This 

indicates that they have normal hippocampal function.  

 

Work on knockout mouse lines similar to AcanKO have studied 

object recognition memory (ORM) and found that brain-wide 

disruption of PNN affecting all neurons enhances long-term 

memory retention. Similarly to the water maze, the object 

recognition task is hippocampus dependent (Broadbent et al., 

2010). Based on our discoveries, we expect that ORM would be 

unaffected, but it may be of interest to test based on findings from 

similar studies.     

 

4.6 Behavior task used to investigate anxiety  
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In paper II, we used the open field test and the elevated zero 

maze to assess the anxiety level of the AcanKO. Using these 

tests were important in understanding the behavior of the animals 

in the Morris water maze, where irregular levels of anxiety can 

affect the learning curve. Behavior in the open field is a good 

reflection of motility as well as anxiety, while the zero maze is 

developed specifically to study anxiety in rodents.  

 

Another method used to test anxiety is the elevated plus maze, it 

is similar to the zero maze as it has two parts with walls on either 

side and two open parts. The plus maze is a simple cross 

structure, and because the mice have the opportunity to stay in 

the cross section where the arms meet, it causes an issue when 

evaluating time spent in the open/closed arms; therefore, the zero 

maze is preferred over the plus maze.  

 

5 Discussion  
 

5.1 The importance of PNNs in V2L 
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In the first paper, we showed that digesting PNNs in the lateral 

secondary visual cortex using chABC disrupted the animals’ 

ability to retrieve a remote visual fear memory. The finding is in 

accordance with the discovery that V2L is important for remote 

storage of visual fear memories (Grosso et al., 2015; Sacco & 

Sacchetti, 2010). The role of the sensory cortices have been 

viewed as analyzers of sensory input, but now we understand 

that they are also capable of learning induced changes and 

retention of information about cue-saliency (Burgess et al., 2018; 

Wigestrand et al., 2017).  

 

Timing of the chABC treatment in the remote memory protocol 

was essential for the outcome. After chABC treatment, the PNN 

gradually regenerated. When we removed PNN before learning 

and tested the memory approximately 37 days later, the PNNs 

were back and memory was not affected. When chABC was 

administered shortly before or after learning, the PNNs had 

partially regenerated and the remote memory was unaffected. 

Meaning that partial regeneration is sufficient to ensure proper 

memory retrieval, and that removal of PNNs in V2L had no 
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impact on memory acquisition or consolidation. Only complete 

PNN degeneration as a result of chABC treatment was sufficient 

in causing amnesia of the remote memory. The disruptive nature 

of the chABC treatment and the quick impact on PV+ interneuron 

firing could be the cause of amnesia. To the best of my 

knowledge, there has been no studies on the long-term effects of 

chABC on PV+ interneuron firing. It would be interesting to try a 

more permanent way of removing PNNs before learning so that 

we could test if a remote visual fear memory could be created 

and retrieved without PNNs in V2L.  

 

We discovered through simultaneous recordings of local field 

potentials in V2L and basolateral amygdala (BLA) using 

chronically implanted tetrodes, that amnesia was accompanied 

by a disruption in synchronized theta oscillations between the two 

areas. Theta synchronization is thought to be important for 

communication between cortical and subcortical brain regions 

(Von Stein & Sarnthein, 2000). Synchronized theta oscillations 

have mostly been studied in the hippocampus and connected 

regions, but have also been discovered between secondary 
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auditory cortex and BLA. Similarly to our finding, it was recorded 

during remote memory retrieval after fear conditioning, although 

using an auditory cue. Theta synchronization was disrupted when 

activity in the auditory cortex was inhibited (Cambiaghi et al., 

2016). Furthermore, a recent study reported that PNN removal in 

anterior cingulate cortex and hippocampus lead to reduced theta 

oscillations and disruption of contextual fear memory 

consolidation and reconsolidation (Shi et al., 2019). 

 

5.2 The importance of PV interneurons in V2L 
 

We suggest that the role of PNNs in remote memories is indirect 

through their effect on PV+ interneurons. Treatment with chABC 

have been shown to impact PV+ interneuron firing (Lensjø, 

Lepperød, et al., 2017; Tewari et al., 2018), and activity of PV+ 

interneurons are believed to be important for the formation of 

theta oscillations (Amilhon et al., 2015; Bezaire et al., 2016). The 

importance of PV+ interneuron activity in the medial prefrontal 

cortex and the hippocampus have been shown to be essential for 

consolidation of contextual fear memories (Xia et al., 2017). We 

hypothesize that chABC treatment disrupted the firing patterns of 
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PV+ neurons, and in affect theta oscillations, thereby interrupting 

memory retrieval. An important next step will be to turn off PV+ 

interneuron activity during different steps of memory processing 

to map out their role. 

 

In paper I, we saw a clear effect of chABC treatment, which we 

believe to be because it degrades PNNs, though it is important to 

state that chABC also degrades other types of extracellular matrix 

(ECM). Moreover, the timing of chABC treatment had a large 

impact on the results because chABC is not a permanent solution 

to PNN removal. It would be valuable to look at the effects of 

permanent PNN removal in this learning paradigm, for example 

using viral vectors expressing chABC. Ideally, we would like to 

use a genetic approach for PNN removal and learn whether the 

effect of chABC is caused by PNN removal specifically; however, 

these methods have not been developed in rats.  

 

5.3 Phenotype rescue in the AcanKO 
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In paper II, we studied the phenotype of the AcanKO mouse. In 

this mouse line, the Acan gene is removed from PV+ neurons 

causing the disruption of PNN development, proving that PV+ 

neurons control the production of their own PNNs.  Based on 

reports in the literature, it was surprising that disrupting the 

development of PNNs around PV+ neurons had an insignificant 

impact on the functionality of PV+ interneurons and a relatively 

small effect on the phenotype of the animal in general.  

 

The PNNs are thought to facilitate the high firing rate of PV+ 

interneurons, but we discovered little to no difference. Learning 

and memory has been repeatedly reported to be affected by PNN 

removal, but we discovered minimal differences in AcanKO’s 

ability to learn or remember. Their learning rate was affected, but 

this seemed to be caused by their reduced anxiety-like behavior, 

and not higher plasticity. The method of PNN removal is very 

different from acute removal, and is most likely the reason why 

we discovered such different results. 
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A relatively recent study published research on a transgenic 

animal similar to the AcanKO; here they target another CSPG 

component in PNNs, namely brevican. Disrupting the expression 

of brevican caused a reduction in the number of excitatory 

synapses and the amount of PV expressed (Favuzzi et al., 2017). 

Reduced levels of PV expression was also discovered in the 

transgenic mouse model where Acan was knocked out in all 

neurons (Rowlands et al., 2018), while we observed the opposite 

in the AcanKO. A possible explanation may be compensation that 

cannot happen when all neurons are affected. 

 

Discoveries from studies on the prefrontal cortex have revealed 

that parvalbumin levels increase during transition from juvenile to 

adolescence, this happens in parallel with increased PV+ 

interneuron signaling (Caballero et al., 2014) and assembly of 

PNNs (Baker et al., 2017). Expression of PV and PNN assembly 

are both central aspects of development and transitioning from 

juvenile to adult, and by disrupting one factor, we have likely 

affected the other in the AcanKO.  
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Favuzzi et al. do not address the impact brevican knockout has 

on the PNN structure, most likely because knocking out Bcan 

does not impair PNN assembly. In the AcanKO, the assembly of 

PNNs around PV+ neurons throughout the brain is disrupted, and 

therefore has a more drastic impact on PNNs and PV+ neurons 

compared to the Bcan knockout. Perhaps because this complete 

disruption the need for developing compensatory mechanisms, 

such as upregulation of other CSPGs, to rescue the phenotype is 

more blatant.   

 

5.4 Compensation in the face of knockouts  
 

When PNNs are removed acutely, it affects memory, plasticity, 

axonal sprouting and the functionality of PV+ neurons. However, 

when PNNs do not develop it seems that neurons compensate 

for the loss, rendering the phenotype seemingly unaffected.   

 

It is similar to the story of the memory molecule, PKMzeta (Ling 

et al., 2002; Sacktor et al., 1993). It was discovered that if 

PKMzeta was inhibited in a specific area, formerly acquired 
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memories dependent on that area would be lost (Gámiz & Gallo, 

2011; Kwapis et al., 2012). When PKM-zeta was deleted, 

expecting a mouse without the ability to remember, they got a 

fully functioning, normal mouse (Lee et al., 2013). The memory 

molecule was just a memory molecule, if lost, its job was 

performed by PKM-lambda (Tsokas et al., 2016). What is doing 

the job of PNNs around PV+ neurons in the AcanKO mice? To 

understand the processes of compensation we must look more in 

detail into the AcanKO biochemistry and mRNA expression 

levels. Other PNN components may be upregulated, such as 

hyaluronic acid or other CSPGs (brevican, neurocan, versican); 

although we did not see any indication of such upregulation, a 

quantification is required. We saw that AcanKO expressed more 

PV compared to controls; this may be a way for the PV+ neurons 

to regain normal functionality.  

 

Parvalbumin is a Ca2+ binding protein that buffers calcium as it 

enters the neurons upon excitation. It has been discovered that 

PV expression is regulated in an experience dependent manner, 

changing expression level depending on demands of the network 



86 
 

(Donato et al., 2013). Environmental enrichment and the early 

stages of water maze training, leads to a state of low PV 

expression, while contextual fear conditioning and late stages of 

water maze training causes a shift to high-PV (Donato et al., 

2015; Greenough et al., 1985). These finding indicate that 

plasticity and level of PV-expression is negatively correlated. We 

suggest that PV+ neurons in the AcanKO are down-regulating 

plasticity by increasing PV expression.      

 

When searching for compensatory mechanisms we should look 

at biochemistry and transcriptomics to understand if any of the 

PNN components are upregulated as a result of the Acan 

knockout. We should also investigate the phenotype further, in 

particular look at activity-dependent plasticity in the visual cortex 

(V1). It has been shown repeatedly that monocular deprivation 

causes a large shift in ocular dominance plasticity in animals 

where PNNs have been removed from V1 (Carulli et al., 2010; 

Lensjø, Lepperød, et al., 2017; Pizzorusso et al., 2002; Rowlands 

et al., 2018). Using our animal model, we can show whether 
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disruption of PNN development around PV+ neurons specifically 

has the same effect as removing PNNs in the adult.  

 

Moreover, one should investigate other cognitive functions such 

as fear memory processing in the AcanKO. Given our previous 

results, we may not see any effect, but because of their low 

anxiety levels, their ability to acquire and consolidate a visual fear 

memory may be affected. In particular, the effect on extinction 

would be of interest to investigate because low anxiety and low 

PNN density have been shown to impact extinction in 

rodents (Gogolla et al., 2009; Macêdo-Souza et al., 2020).  

 

5.5 The reinvention of fear conditioning 
 

The use of powerful methods such as two-photon imaging in 

combination with genetically encoded Ca2+ sensors to study 

neuronal activity have advanced investigations of neural circuits 

and large neural populations in vivo. Imaging calcium signals as a 

proxy for neural activity has allowed researchers to record and 

see neurons involved in acquisition and memory retrieval. In 
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order to utilize the full potential of this method we must develop 

learning paradigms that are suited to head-fixed animals. When 

translating a freely moving fear conditioning protocol to a protocol 

for head-fixed mice running on a wheel, it is important to take into 

account possible differences in behavior and learning rates. 

 

The greatest difference between freely moving and head- fixed 

fear conditioning is their ability to freeze. When mice are head-

fixed they can stop running, but they cannot hunch, as they do 

during freezing. Moreover, mice most likely will stop running on a 

wheel/ball when head-fixed for no particular reason, perhaps 

because it is uncomfortable or there is nothing novel to discover. 

Therefore, it is important to have an additional factor that reflects 

learning. Even so, running speed should be monitored, as it will 

reflect alertness and internal state of the animal.  

 

Pupil size is useful for reflecting learning during fear conditioning 

because when the animal is in a state of fear, its pupils dilate 

(Garcia-Junco-Clemente et al., 2019; Larsen & Waters, 2018; 

Steinhauer et al., 2004). An issue we encountered in paper III 
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was the variation in response patterns among animals. We often 

saw opposite responses in pupil size and running speed among 

animals during the CS+ and US. A standard solution for variation 

is increasing the number of subjects, but because responses 

often were the opposite of each other, averaging data from a 

large number of subjects would simply zero out the effects. 

Therefore, the solution becomes increasing subject number and 

grouping based on behavior response. By doing so we can 

observe and analyze the dynamic response of the pupil and 

running speed during the CS+/US stimulation.  

 

An important aspect when using behavior to study learning is 

having an acquisition program that reliably captures the true 

reaction of the animal, and having a processing software that 

transforms data into useful information that can be quantified. We 

overcame this obstacle in paper III, but there is nearly always a 

need for method improvement. There is progression in the field of 

behavior analysis, methods using artificial intelligence are being 

developed to recognize response patterns in animals, such as 

facial expressions (Dolensek et al., 2020; Mathis et al., 2018).   
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5.6 Future directions for head-fixed fear 
conditioning  

 

The head fixed fear conditioning protocol is designed to be used 

during recording of neuronal activity using techniques such as 

two photon imaging or high density silicone probes. These probes 

allows for recording of neural activity from a large amount of 

neurons at larger depths and higher temporal resolution 

compared to two-photon imaging (Jun et al., 2017). However, by 

using two-photon we can record from subtypes of neurons, such 

as PV+ interneurons specifically. We aim to perform recordings 

both during learning and memory retrieval, and importantly, look 

at PV+ interneuron activity both with, and without PNN removal. It 

has already been found that PV+ interneuron activity play a role 

in fear memory processing (Garcia-Junco-Clemente et al., 2019), 

and it was discovered that PV+ interneuron activity is important 

for memory consolidation (Ognjanovski et al., 2017; Xia et al., 

2017). Now we will investigate whether they are needed for visual 

fear conditioning, and if they are important, see if they are 

affected by PNN removal.  
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Throughout life animals learn to recognize cues that signal danger
and instantaneously initiate an adequate threat response. Memo-
ries of such associations may last a lifetime and far outlast the
intracellular molecules currently found to be important for memory
processing. The memory engram may be supported by other more
stable molecular components, such as the extracellular matrix
structure of perineuronal nets (PNNs). Here, we show that recall
of remote, but not recent, visual fear memories in rats depend on
intact PNNs in the secondary visual cortex (V2L). Supporting our
behavioral findings, increased synchronized theta oscillations be-
tween V2L and basolateral amygdala, a physiological correlate of
successful recall, was absent in rats with degraded PNNs in V2L.
Together, our findings suggest a role for PNNs in remote memory
processing by stabilizing the neural network of the engram.

perineuronal nets | fear conditioning | memory | visual cortex |
parvalbumin

The specialized extracellular matrix structure of perineuronal
nets (PNNs) surround the cell body and proximal dendrites

of subpopulations of neurons in the central nervous system in a
lattice-like structure, in particular fast-spiking inhibitory inter-
neurons that express parvalbumin (PV+) (1). The PNNs mature
late in development in concert with the closure of so-called
critical periods of heightened plasticity, when neuronal circuits
are refined, and restrict neural plasticity in the adult brain (1). A
central part of this refinement of neuronal circuits is the matu-
ration of inhibitory neurons (2). This maturation, together with
PNN development, contribute to restricting plasticity and stabilizing
neuronal circuits (2–4). It has been established that the devel-
opment of PNNs in the amygdala of adult animals contribute to
the endurance of a memory after extinction as depletion of PNNs
cause permanent erasure of the memory (5, 6). The PNNs fa-
cilitate the fast-spiking activity of PV+ neurons, and conse-
quently the fine excitatory–inhibitory balance of neural networks
necessary for cognitive functions (4, 7–10). Moreover, PV+

neurons are important for oscillatory activity, which is essential
for consolidation and retrieval of memories (11–13). It has re-
cently been hypothesized that PNNs may be a physical framework
for remote memory storage (14). The meshlike structure of PNNs,
tightly enwrapping the synaptic connections stabilizing their size
and placement, in conjunction with their slow turnover rates,
point in this direction; but the idea remains to be tested. We
asked whether intact PNNs in the lateral secondary visual cortex
(V2L), a cortical region important for remote memory (15–18),
are required for the processing of remote visual fear memories.

Results
Intact PNNs in V2L Are Required for the Recall of Remote but Not
Recent Visual Fear Memory. Rats were trained by pairing a white
light (conditioned stimulus; CS) with a foot shock (uncondi-
tioned stimulus; US). Four weeks after training, we tested the
animals for both light CS memory (Fig. 1C) and contextual
memory (Fig. S4). One week before the memory test, we degraded
the PNNs in V2L bilaterally with local injections of the bacterial

enzyme chondroitinase ABC (chABC) (Fig. 1 B andD). Strikingly,
the chABC treatment disrupted recall of the remote visual fear
memory (Fig. 1E) without influencing remote contextual memory
(Fig. S4). In fact, visual fear memory expression in individual rats
was correlated with the extent of chABC activity confined to V2L
(Fig. 1G), with no similar correlations between memory expres-
sion and chABC activity in nearby brain regions. In a different
group of animals with chABC injections purposely aimed at pri-
mary visual cortex (V1), chABC injections did not influence re-
mote fear memory (Fig. 1 D and F and Fig. S4). To examine
whether chABC treatment would influence recent memory in a
similar manner, we injected chABC in V2L or V1 only 1 d after
training, rather than 3 wk, and allowed the animals to recover for
6 d before memory testing (Fig. 1H). At this early time point,
chABC treatment did not influence fear memory expression (Fig.
1 I and J and Fig. S4) in either brain area, supporting the in-
volvement of V2L in remote but not recent memories (15, 17, 19).
These data suggest that PNNs in V1 have no role in either recent
or remote memory recall.

Synchronized Oscillatory Neural Activity During Recall Is Disrupted
After chABC Treatment. Synchronized oscillatory neural activity
in the lower theta range (4–8 Hz) between brain regions is a
physiological correlate of memory retrieval (13, 17, 20–22). To
examine whether chABC treatment would affect the communi-
cation between V2L and the basolateral amygdala (BLA), we
used chronically implanted electrodes and performed simulta-
neous local field potential recordings (LFP) from V2L and BLA
during remote memory recall. Similar to our initial experiments,
rats with chABC injected into V2L showed disrupted fear
memory 30 d after fear conditioning (Fig. 2A). In accordance
with previous work in V1 (4, 23), the sensory response in V2L
induced by the light stimulus (observed as a large current
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deflection peaking 90 ms after light onset) was not affected by
chABC treatment (Fig. 2B and Fig. S5), indicating that sensory
processing in V2L was left intact. During memory recall, control
animals showed increased coherency in the theta band between
V2L and BLA (coherency peak at 7 Hz) (Fig. 2C and Fig. S5). In
contrast, we did not observe a change in theta coherency after CS
onset in chABC-treated rats, suggesting that adequate commu-
nication between the two areas was disrupted in chABC-treated
animals (Fig. 2C and Fig. S5). These differences were also ap-
parent in the power spectra, where sustained theta activity during
CS presentation was elicited in V2L and BLA of sham-operated
animals but not chABC treated (Fig. 2D). Similar to chABC-
treated animals, rats trained with an unpaired protocol, in
which CS and US are not consistently paired so that the animals
do not learn the association, did not show increased coherency
between V2L and BLA after CS onset (Fig. 2C and Fig. S5). The

coherency in LFP between the two brain areas at baseline, i.e.,
before the first CS onset, was not different between the groups
(Fig. 2C, Upper), supporting the notion that PNN removal spe-
cifically affected memory processing. In addition, we investigated
whether synchronized theta oscillations between V2L and BLA
is present during recent memory retrieval. In accordance with
previous work (17), we found increased theta coherency during
CS presentation also at this time point, although with a higher
frequency (coherency peak at 9 Hz) (Fig. S5). This indicates that
V2L is involved at this initial stage of memory processing, in line
with previous work from the secondary auditory cortex (16, 17).

Removing PNNs in V2L Has No Impact on Acquisition or Consolidation
of Visual Fear Memory. Given the apparent involvement of V2L
also during recent memory retrieval, we next looked at whether
PNNs in V2L were important for acquisition and consolidation
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Fig. 1. Removal of PNNs in lateral secondary visual cortex disrupts recall of a remote fear memory. (A, Left) Coronal section of a rat brain, PNNs detected by
Wisteria floribunda agglutinin (WFA; green) and neuronal cell bodies detected by Nissl staining (red). Au1, primary auditory cortex; V1, primary visual cortex; V2L,
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(B) Coronal section from a rat injected with chABC in V2L 1 wk before perfusion. PNNs detected by WFA staining (green). Activity by chABC causes reduced WFA
staining (green) restricted to V2L. RSp, retrosplenial cortex; V1b, binocular V1; V1m, monocular V1. (C) Experimental timeline for remote fear conditioning (FC).
(D) The extent of chABC digestion in gray superimposed on illustrations of brain sections (40) five different distances (mm) from bregma, red squares indicates V2L
(Left), or V1 and V2L (Right). (E) Bilateral chABC injection in V2L (n = 7 rats) reduced freezing to light CS compared with sham controls (n = 12 rats). Each dot
represents one animal, bars indicate population mean. Two-way ANOVA, treatment (aCSF or chABC) × condition (baseline or light CS) followed by post hoc Sidak
test revealed that chABC treatment disrupted CSmemory retrieval (***P < 0.0001). (F) Bilateral chABC injection in V1 (n = 9 rats) did not influence freezing to light
CS compared with sham controls (n = 13 rats). (G) The extent of chABC activity confined to V2L (mean from both hemispheres) was correlated with the amount of
freezing during light cues; r = −0.67, P = 0.003, n = 17 rats. (H) Experimental timeline for recent FC. (I) Recent memory testing 1 wk after FC. Bilateral ChABC
injections in V2L (n = 8 rats) did not influence freezing to light CS compared with sham controls (n = 8 rats). (J) Recent memory testing 1 wk after FC. Bilateral
ChABC injections in V1 (n = 4 rats) did not influence freezing to light CS compared with sham controls (n = 8 rats). Detailed statistics are shown in Fig. S1.
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of the visual fear memory. Injection of chABC 1 wk before fear
conditioning in either V2L or V1 did not influence fear memory
acquisition or recall after 4 d (Fig. 3 A and B and Fig. S3). Given
that PNNs gradually regenerate after chABC treatment (4, 24)
(Fig. 3E), we next asked whether remote memory would be af-
fected if we extended the time period between chABC injection
and the memory test. Similar to the recent memory experiment,
we injected chABC in V2L 1 wk before training, but waited 4 wk
before memory testing (Fig. 3C). Using this extended protocol,
the chABC treatment did not influence remote memory, sug-
gesting that remote memory recall does not require intact PNNs
in V2L during the first days subsequent to training, and that
PNN regeneration at the time of remote memory testing was
sufficient to allow normal memory retrieval (Fig. 3E). Finally, to
test the effect of PNN removal on remote memory consolidation
specifically, we injected chABC 1 wk after training and tested the
memory when PNNs had regenerated 35 d after fear condi-
tioning (Fig. 3 D and E). Removing the PNNs at this time point
did not affect memory recall (Fig. 3D). The activity of the en-
zyme and regeneration of PNNs were confirmed by histological
staining for chondroitin sulfate 6 “stubs” (3B3 epitope) and
WFA-positive PNNs at 10 and 38 d after enzymatic treatment

(Fig. 3E). Taken together, the results suggest that intact PNNs in
V2L are specifically important for storage and retrieval of re-
mote visual fear memories.

Discussion
The brain faces the challenge of being plastic to form new
memories and being stable to facilitate lifelong memory storage.
The understanding of molecular processes needed for the tran-
sition from short-term memory to a consolidated long-term
memory has come far, but those processes needed for a memory
to persist across years remain unresolved. Proposed molecular
candidates that may maintain long-term memory, e.g., protein
kinase M zeta and calmodulin-dependent protein kinase II, are
located in postsynaptic spines, have a short lifespan with a
turnover of a few days, and are in need of constant replacement
to support long-lasting memories (25–29). The PNNs, on the
other hand, are highly stable structures relieved from constant
renewal as they are not exposed to the catabolic intracellular
environment. Therefore, it has been proposed that over time,
PNNs might persist as a physical framework for stable remote
memories (14). Our data show that intact extracellular matrix
in V2L is indeed required for retrieval of remote visual fear
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memories. The stability that PNNs provide to a neuronal net-
work seems essential for the ability to recall remote memories.
Synchronized oscillations between brain areas are believed to

facilitate a precise temporal pattern necessary for complex ac-
tions such as memory retrieval, where specific populations of
neurons are recruited in a phase-locked spiking activity pattern
(17, 30). The increased coherency between V2L and BLA in the
theta range in control animals during remote and recent memory
recall is in line with previous work from secondary auditory
cortex (17). Strikingly, in chABC-treated animals that failed to
retrieve the remote fear memory, this V2L–BLA coherency was
absent. Theta synchronization between brain regions during
defensive behavior depends on the synchronous activity of PV+

interneurons and their fast spiking GABAergic inputs (12, 17, 21,
31). We recently showed that chABC treatment in V1 result in
decreased PV+ interneuron activity, which further affects the
spiking patterns of excitatory neurons (4). Together with our
present results including normal sensory responses in V2L after
PNN removal, this suggests that PNN degradation impairs the
capability of the V2L network to either sufficiently reactivate the
memory engram, drive long-range synchronization between V2L
and the BLA, or both. Our data indicates that the close inter-
action between PNNs and firing activity of PV+ neurons is of
such importance that without PNNs, neuronal network activity is
partly disrupted leading to a failure in memory retrieval. Rather
than proposing that PNNs are a physical framework for remote
memory storage, our data suggest that they play a role in en-
suring correct firing patterns required during memory retrieval.
Others have found that removing PNNs using chABC in other
brain areas influence memory retrieval at recent time points (32–
34), indicating that the role of PNNs could differ between brain
areas. Our data clearly show that PNNs in V2L are exclusively
important for recall of remote visual fear memories.
Digesting PNNs with chABC has previously been shown to

increase plasticity and promote learning (4–6, 23, 24, 35, 36).
Comparable effects on plasticity have been observed in knockout
mice lacking Ctrl1, an essential link protein specifically located
in the PNNs (24, 37, 38). Hence, although chABC is not specific
to PNNs, but instead cleaves all glycosaminoglycan chains, pre-
vious evidence strongly suggests that the functional effects
caused by chABC treatment mainly arise from removal of PNNs.
Together, our findings show that intact PNNs in V2L are

required for recall of remote fear memory, without influencing
memory processing at early time points. Our findings support
the emerging idea that memory processing is dependent not
only on neurons and glia cells, but also on extracellular matrix
molecules.

Materials and Methods
The laboratory work was done at the Department of Biosciences at the
University of Oslo. All experiments were approved by the Norwegian Animal
Research Committee (FDU) before initiation. Experiments were conducted
with male Sprague–Dawley rats (Taconic Biosciences) housed in standard cages
in groups of four. Food and water were available ad libitum throughout the
period of experiments. Details on experimental procedures are provided in
Supporting information and briefly described below.

Surgical Procedures. Protease-free chABC was purchased from Amsbio and
reconstituted in filtered PBS to a concentration of 61 U/mL. Craniotomies
were made at two sites in each hemisphere over V2L or V1. The coordinates
used for V2L were AP 5.8mm andML 6.0 mm, and AP 7.4 mm andML 5.8 mm,
relative to bregma. For V1 injections we used the same AP coordinates, and
4.0 mm and 3.8 mm ML, respectively. All injections were made at a depth of
0.7 mm relative to the surface of the brain. After surgery, the animals were
allowed to recover for a minimum of 1 wk before testing.

Four tetrodes were assembled in a microdrive (Axona) and implanted in
concomitance with chABC/aCSF injections. Electrodes were implanted in V2L
and BLA at the following coordinates: AP 6.7 mm and ML 5.9 mm (relative to
bregma) and DV 0.6 mm (relative to the surface of the brain), and AP 3.1 mm
and ML 5.35 mm and DV 8.1 mm.

Fear Conditioning. Fear conditioning was conducted in modular operant test
chambers placed in sound attenuating chambers (MedAssociates). The floor
in the chamber was made of stainless steel rods (4 mm diameter, spaced
1.5 cm apart) connected to an electric pulse generator that delivered the foot
shock. All animals were familiarized with the chamber for 5 min the day
before fear conditioning. The following day the animals were placed in the
chamber, and explored it undisturbed for 5 min before a series of lights
(the CS), each lasting 6 s, were administratedwith a varying intertrail interval.
The last 2 s of each CS was paired with a foot shock (intensity 0.30 mA). After
the seventh and last CS, the animals were left in the chamber for 1min before
being returned to their home cage.

Recent and remotememory testswere conducted 4, 8, 30, or 35d aftermemory
acquisition, respectively. Two days before the light-cued fear memory test, the
animals went through two contextual fear memory tests to examine general-
ization of contextual fear. The tests involved leaving the animals in the chamber
for 5 min undisturbed. The first test was conducted in an altered version of the
original training chamber. The next day the test was conducted in the original
training chamber. The main differences between the two contexts was the
placement of the walls (a diagonal wall divided the chamber in the training
context), the smell (peppermint was added in the altered context), and the sound
(the fanwas turnedoff in the altered context). The light-cued fearmemory test (CS
test) was conducted in the altered context to avoid conditioned fear behavior to
contextual cues. When inside the chamber, the animals were left undisturbed
for 3 min before being exposed to six conditioned stimuli with varying intertrail
intervals. All scoring was performed blinded to treatment. Movements were
recorded with infrared cameras and behavior was scored offline with a digital
stopwatch. Freezing was defined as cessation of all movement except that caused
by respiration. ForCSmemory testing, baseline freezingwasdeterminedby scoring
thebehavior during 6 s before the first CS, and light-cued freezingwas determined
by scoring the mean time spent freezing during the 6-s CS presentations. Animals
were randomly assigned to a treatment group (chABC or aCSF) before or after
conditioning, depending on the experimental setup (chABC before or after fear
conditioning).We classified animals as chABC treated or not basedonpostmortem
immunohistochemical staining for the chondroitin sulfate 6 stubs using the
3B3 epitope, an indicator of chABC activity. To be included in the behavioral
analysis, a minimum of 40% of the chABC (detected by 3B3 staining) had to be
within the borders of V2L on five sections spanning the length of V2L. Animals
below this threshold (5–40%) were excluded from the main behavioral analysis,
but included in the correlation between freezing and chABC activity (Fig. 1G).

Histology and Immunohistochemistry. Rats were given an overdose of pen-
tobarbital sodium (50 mg/kg) and transcardially perfused with 0.9% NaCl,
followed by 4% paraformaldehyde in 0.01 M PBS. The tissue was left to
postfixate overnight before being transferred to a cryoprotective 30% su-
crose solution in 1× PBS for 3 d at 4 °C. The tissue was then flash frozen and
cut into coronal sections (45 μm) using a cryostat (OrtomedicNorway). Nissl
staining was done to identify the location of the tetrode.

The lectin WFA was used as a marker for PNNs as it labels aggrecan-based
PNNs selectively. Sections were incubatedwith primary antibody (biotinylated
WFA, L-1516; Sigma-Aldrich Chemie) and later the secondary (Streptavidin
Alexa 488; Life S-11223). This method for fluorescent immunohistochemistry
was also used for staining parvalbumin-positive interneurons [rabbit anti-
parvalbumin (Swant); Alexa 594 goat anti-rabbit (Life A11037)] and for
fluorescent labeling of the C6-S stubs after chABC treatment [anti C-6-S clone
MK302 (MAB 2035; Merck Milipore), Alexa 594 donkey anti-mouse (Life
A21203)]. The monoclonal anti-chondroitin-6-sulfate antibody (MAB 2035;
Merck Milipore) recognizes the six inner monosaccharides at the chondroitin
sulfate chain left on the core proteins after chABC cleavage, the so-called
3B3 epitope, thereby confirming the activity of chABC (39). Sections were
photographed using a Zeiss Axioplan 2 microscope and Axiocam HRZ camera.

Local Field Potential Recordings. LFP signals were recorded from all 16 channels
on eachmicrodrive for all three test days (altered context, training context, and CS
test). We only used data from the CS test for analysis. The recording system used
was daqUSB (Axona). LFP signals were amplified 2,000–3,000 times, low-pass fil-
tered at 500 Hz, and stored to disk at 4.8 kH (16 bits/sample) for offline analysis.
LFP traces for every stimulus period were extracted and aligned according stim-
ulus onset. The latency of the visual responses in V2L was measured as time from
stimulus onset to the first negative peak in every LFP trace. We recorded LFP
during CS presentation in four sham-operated rats (12 trials), five chABC-treated
rats (11 trials), and three rats (6 trials) trained with foot shock and light cue
unpaired. CustomMatlab code was used to analyze oscillations of the LFP signal.
The coherence between the LFP channels for BLA and V2 was estimated by the
magnitude-squared coherence, using the Matlab function mscohere.
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Statistical Analysis. Statistical analysis was performed using Graphpad Prism
(Graphpad Software). All fear-conditioning tests were analyzed using a two-
way analysis of variance (ANOVA) with Holm–Sidakmultiple comparisons test
if a significant interaction effect was detected.
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SI Materials and Methods
The laboratory work was done at the Department of Biosciences
at the University of Oslo. All experiments were approved by the
Norwegian Animal Research Committee (FDU) before initia-
tion. Experiments were conducted with male Sprague–Dawley
rats (Taconic Biosciences) housed in standard cages in groups of
four. Food and water were available ad libitum throughout the
period of experiments.

Surgical Procedures.
Chondroitinase treatment.Protease-free chABC was purchased from
Amsbio and reconstituted in filtered PBS to a concentration of 61
U/mL aliquots were stored in −20 °C and thawed immediately
before use. Animals were anesthetized by an i.p. injection of a
mixture of ketamine and medetomidine (ketamine 75 mg/kg,
medetomidine 0.75 mg/kg), and fixed in a stereotaxic frame. The
animals were given s.c. injections of sterile 0.9% NaCl throughout
the surgery to reduce dehydration (1–1.5 mL/h of anesthesia). The
scalp was shaved and cleaned, and a longitudinal incision made
in the skin to expose the skull. Craniotomies were made at two
sites in each hemisphere over V2L or V1. Glass pipettes with a
tip opening of 10–15 μm were backfilled with mineral oil and
assembled into a motorized micro injector (NanoJect II; Drum-
mond Scientific). The pipettes were front filled with chABC or
artificial cerebrospinal fluid (aCSF; Harvard Apparatus). The
coordinates used for V2L were AP 5.8 mm and ML 6.0 mm, and
AP 7.4 mm and ML 5.8 mm, relative to bregma (1). For V1
injections we used the same AP coordinates, and 4.0 mm and
3.8 mm ML, respectively. All injections were made at a depth of
0.7 mm relative to the surface of the brain. In each location, a
total of 0.5 μL was injected in 10 steps over a period of 5 min.
The pipette was left in position for 2 min after the final injection,
after which the wound was cleaned and sutured shut. A local
anesthetic was applied (lidacain ointment) and carprofen
(5 mg/kg) injected s.c. Antisedan (0.25 mL/kg) was injected to
wake the animals. After surgery, the animals were allowed to
recover for a minimum of 1 wk, and carprofen (5 mg/kg) injected
s.c. the first 3 d.
Electrode implantation. Tetrodes were made from 17-μm-thick
polyimide-coated platinum–iridium wire (10%, 90%; California
Fine Wire Company). Four tetrodes were assembled in a micro-
drive (Axona). The electrode tips were platinum coated before
surgery to reduce the impedance to 150–200 kΩ at 1 kHz. Im-
plantation was performed in concomitance with chABC/aCSF
injections. A small craniotomy was made above the BLA and
electrodes were implanted at the following coordinates: AP
6.7 mm and ML 5.9 mm (relative to bregma) and DV 0.6 mm
(relative to the surface of the brain), and AP 3.1 mm and ML
5.35 mm (relative to bregma) and DV 8.1 mm (relative to the
surface of the brain). Jewelers’ screws fixed to the skull were
connected to the microdrives and used as ground electrodes. The
microdrives were secured to the skull using jewelers’ screws and
dental cement.

Fear Conditioning.
Light-cued fear memory acquisition. Fear conditioning was conducted
in modular operant test chambers placed in sound attenuating
chambers (MedAssociates). The floor in the chamber was made
of stainless steel rods (4 mm diameter, spaced 1.5 cm apart)
connected to an electric pulse generator that delivered the foot
shock. All animals were familiarized with the chamber for 5 min
the day before fear conditioning. The following day the animals

were placed in the chamber, and explored it undisturbed for 5 min
before a series of lights (the CS), each lasting 6 s, were admin-
istrated with a varying intertrail interval. The last 2 s of each CS
was paired with a foot shock (intensity 0.30 mA). After the
seventh and last CS, the animals were left in the chamber for
1 min before being returned to their home cage.
Fear memory retrieval. Recent and remote memory tests were
conducted 4, 8, 30, or 35 d after memory acquisition, respectively.
Two days before the light-cued fear memory test the animals went
through two contextual fear memory tests to examine general-
ization of contextual fear. The tests involved leaving the animals
in the chamber for 5min undisturbed. The first test was conducted
in an altered version of the original training chamber. The next
day the test was conducted in the original training chamber. The
main differences between the two contexts was the placement of
the walls (a diagonal wall divided the chamber in the training
context), the smell (peppermint was added in the altered context),
and the sound (the fan was turned off in the altered context). The
light-cued fear memory test (CS test) was conducted in the altered
context to avoid conditioned fear behavior to contextual cues.
When inside the chamber, the animals were left undisturbed for
3 min before being exposed to six conditioned stimuli with varying
intertrail intervals.
Behavioral scoring.All scoring was performed blinded to treatment.
Movements were recorded with infrared cameras and behavior
was scored offline with a digital stopwatch. Freezing was defined
as cessation of all movement except that caused by respiration.
For CS memory testing, baseline freezing was determined by
scoring the behavior during 6 s before the first CS, and light-cued
freezing was determined by scoring the mean time spent freezing
during the 6-s CS presentations. Animals were randomly assigned
to a treatment group (chABC or aCSF) before or after condi-
tioning, depending on the experimental setup (chABC before or
after fear conditioning). We classified animals as chABC treated
or not based on postmortem immunohistochemical staining for
the chondroitin sulfate 6 stubs using the 3B3 epitope, an indicator
of chABC activity (2). To be included in the behavioral analysis, a
minimum of 40% of the chABC (detected by 3B3 staining) had to
be within the borders of V2L on five sections spanning the length
of V2L. Animals below this threshold (5–40%) were excluded
from the main behavioral analysis but included in the correlation
between freezing and chABC activity (Fig. 1G).

Local Field Potential Recordings. LFP signals were recorded from all
16 channels on each microdrive for all three test days (altered
context, training context, and CS test), to accustom the animals
to the procedure. We only used data from the CS test for analysis.
The recording system used was daqUSB, provided by Axona. LFP
signals were amplified 2,000–3,000 times, low-pass filtered at 500
Hz and stored to disk at 4.8 kH (16 bits/sample) for offline analysis.
LFP traces for every stimulus period were extracted and aligned

according to stimulus onset. The latency of the visual responses
in V2L was measured as time from stimulus onset to the first
negative peak in every LFP trace. We recorded LFP during CS
presentation in four sham-operated rats (12 trials), five chABC-
treated rats (11 trials), and three rats (6 trials) trained with foot
shock and light cue unpaired. For LFP power analysis we used
custom Matlab code for the time period 0.5 s before stimulus
onset to 1.0 s after. The time frequency representation was
generated by first applying a high-pass infinite impulse response
(IIR) filter of order 8 with a passband frequency of 2.0 Hz and a
passband ripple of 0.2 dB to the LFP signal, then convolving the
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resulting signal with a Morlet wavelet in the frequency domain
with K = 10 at 0.1-Hz intervals, and finally taking the linear
average over all of the analyzed signals.
The coherence between the LFP channels for BLA and V2 was

estimated by the magnitude-squared coherence (MSC) using the
Matlab function mscohere. This provides an estimate of the
MSC, C2ðf ; xðtÞ, yðtÞÞ, between two signals xðtÞ and yðtÞ using
Welch’s overlapped averaged periodogram method. The MSC
provides an estimate of the coherence for each frequency, f ,
where a value of 1 corresponds to perfect coherence between xðtÞ
and yðtÞ, and a value 0 corresponds to no coherence. The MSC
estimate was calculated in the frequency range of 1.0 to 20 Hz
with a frequency resolution of 1.0 Hz using a periodic Hamming
window of 1/8 the sample size and 50% overlap for a time period
2.0 s before stimulus onset to 2.0 s after. The baseline was found
from the time period 4.0 s before to 2.0 s before stimulus onset.

Histology and Immunohistochemistry. Rats were given an overdose
of pentobarbital sodium (50 mg/kg) and transcardially perfused
with 0.9% NaCl, followed by 4% paraformaldehyde in 0.01 M
PBS. The tissue was left to postfixate overnight before being
transferred to a cryoprotective 30% sucrose solution in 1× PBS
for 3 d at 4 °C. The tissue was then flash-frozen and cut into
coronal sections (45 μm) using a cryostat (OrtomedicNorway).
All secondary antibodies were purchased from Life.
Staining of C6-S stubs after chABC treatment for light microscopy. The
monoclonal anti-chondroitin-6-sulfate antibody (MAB 2035;
Merck Milipore) recognizes the six inner monosaccharides at the
chondroitin sulfate chain left on the core proteins after chABC
cleavage, the so-called 3B3 epitope, thereby confirming the activity
of chABC (2). Sections incubated in block solution [1.5% BSA,
0.3% Triton 100-X (Sigma-Aldrich Chemie) in 1× PBS] for 1 h at
room temperature, and incubated overnight in block solution with
the primary antibody. The following day, the sections were incu-
bated for 2 h in block solution with the secondary antibody. H2O2
(1.5%) was used to quench the endogenous peroxidase activity,
before 1 h incubation in ABC peroxidase staining kit solution

(Thermo Scientific). Staining was visualized by adding 3,3′-
Diaminobenzidine (DAB) solution (Sigma-Aldrich Chemie)
activated with H2O2. After 1–5 min DAB reaction is stopped
by placing the sections in TNS (6 g Trizma in 1 L ddH2O,
regulated to pH 7.4 with 1 M NaOH). Sections were mounted
on Superfrost plus glass slides (Thermo Fisher Scientific). After
drying the sections for several hours they were dehydrated with
90% and 100% ethanol, followed by xylene, and coverslipped
with Entellan (Merck Milipore).
Fluorescent immunohistochemistry for PNNs, PV+ cells, and C6-S stubs.
The lectin WFA was used as a marker for PNNs as it labels
aggrecan-based PNNs selectively. Sections were incubated in
blocking solution [1.5% BSA, 0.3% Triton 100-X (Sigma), 1×
PBS] for 1 h at room temperature. Primary antibody (bio-
tinylated WFA, L-1516; Sigma-Aldrich Chemie) in blocking so-
lution was then added and the sections incubated with agitation
overnight. After washing of the sections in 1× PBS, sections in-
cubated for 2 h in a 1× PBS solution with the secondary (Strep-
tavidin Alexa 488; Life S-11223). Following secondary antibody
incubation, sections were transferred to Superfrost plus glass
slides. After drying sections were washed in ddH2O to remove
excess salt and secured by a coverslip using ProLong Gold Anti-
fade Reagent (Invitrogen). This method for fluorescent immu-
nohistochemistry was also used for staining parvalbumin-positive
interneurons [rabbit anti-parvalbumin (Swant), Alexa 594 goat
anti-rabbit (Life A11037)] and for fluorescent labeling of the C6-S
stubs after chABC treatment [Anti C-6-S clone MK302 (MAB
2035; Merck Milipore), Alexa 594 donkey anti-mouse (Life
A21203)]. When two structures were stained at the same time,
primary antibody incubation was usually done on separate days,
and secondary antibody incubation was performed simultaneously.
Nissl staining was done to identify the lesion after the tetrode

trace by staining sections with cresyl violet followed by de-
hydration with alcohol and xylene before being coverslipped with
Entellan. Sections were photographed using a Zeiss Axioplan
2 microscope and Axiocam HRZ camera.

1. Paxinos G, Watson C (2007) The Rat Brain in Stereotaxic Coordinates (Academic, San Diego).
2. Brückner G, et al. (1998) Acute and long-lasting changes in extracellular-matrix

chondroitin-sulphate proteoglycans induced by injection of chondroitinase ABC in
the adult rat brain. Exp Brain Res 121:300–310.
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DAYS -6 1 8 23 30 35 Brain area Memory test Figure
chABC FC memory test V2L successful 3C

FC chABC memory test V2L Impaired * 1E, 2A
FC chABC memory test V1 successful 1F
FC chABC memory test V2L successful 3D

DAYS -6 1 2 4 8 Brain area Memory test Figure
chABC FC memory test V2L successful 3A, 3B
chABC FC memory test V1 successful 3B

FC chABC memory test V2L successful 1I
FC chABC memory test V1 successful 1J

Remote memory testing

Recent memory testing

Detailed statistics for Main Figures 1-3

Figure Test details Condition (for ANOVA) Treatment (for ANOVA) Other
n (aCSF,
chABC)

1E Two-Way ANOVA, treatment x condition F(1,18)=9.6,  p= 0.0061 F(1,18)= 13.6,  p= 0.0017 12 , 7
Post-hoc Sidak test p<0.0001

1F Two-Way ANOVA, treatment x condition F(1,11)=87.6,  p<0.0001 F(1,11)=2.5,  p=0.14 13 , 9
1G Correlation r = -0.65, p=0.0034 17
1I Two-Way ANOVA, treatment x condition F(1,28)=155.6,  p<0.0001 F(1,28)=0.6, p=0.42 8 , 8
1J Two-Way ANOVA, treatment x condition F(1,8)=211.8,  p<0.0001 F(1,8)=0.01, p=0.92 8 , 8

2A Two-Way ANOVA, treatment x condition F(1,12)=13.8,  p=0.002 F(1,12)=27.4,  p<0.001 5 , 4 , 5
Post-hoc Sidak test p=0.0004

2C One-way ANOVA - baseline F(2,24)=1.84,  p=0.18 4, 4, 3
One-way ANOVA - CS F(2,24)=8.12,  p=0.0.001
Post-hoc Tukey's sham vs chABC, p= 0.006
Post-hoc Tukey's sham vs unpaired, p= 0.007
Post-hoc Tukey's chABC vs unpaired, p= 0.8

3B Two-Way ANOVA, treatment x condition F(1,10)=52.7,  p<0.0001 F(1,10)=0.8,  p=0.39 8 , 4
3C Two-Way ANOVA, treatment x condition F(1,18)=46.6,  p<0.0001 F(1,18)=0.7,  p=0.42 12 , 8
3D Two-Way ANOVA, treatment x condition F(1,14)=38.3,  p<0.0001 F(1,14)=2.16,  p=0.16 8 , 8

Condition= baseline or Light CS
Treatment= aCSF or chABC

*experiment conducted both with and without electrophysiological recordings during behavioral testing

Fig. S1. Overview of behavioral experiments and statistical analyses.
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Fig. S2. Laminar distribution of perineuronal nets and colocalization with parvalbumin expressing neurons in visual cortex. (A) Coronal section from V2L
illustrating the distribution of PNNs within cortical layers (1–6) with PNNs detected by WFA (green) and neuronal cell bodies detected by Nissl stain (red). (Right)
Laminar distribution of PNNs in V2L and V1. The density of PNNs was similar in V2L and V1, with low expression in layer 1 and 6. The highest density was found
in layer 5 of both areas. (B) Representative image from lateral secondary visual cortex (V2L) of PNNs (PNNs, labeled by WFA, green) and neurons expressing
parvalbumin (Pvalb, red). White arrows indicate PNNs surrounding PV+ neurons and green arrows indicate PNNs surrounding other cell types. Colocalization
was similar in V2L and V1. (C) Labeling of PNNs by WFA (green) and chondroitin sulfate 6 stubs by the 3B3 epitope (red) after chABC digestion in V2L. Removal
of PNNs by chABC removes WFA staining in V2L.

Thompson et al. www.pnas.org/cgi/content/short/1713530115 4 of 7



B

V2L V1 

V2L

A days

Fear 
Conditioning

chABC Memory 
testing

1 23 30

days

FC chABC Memory 
testing

1 2 8

V1

C days

FCchABC Memory 
testing

-6 1 4 V1

Fig. S3. All animals respond to light cues with increased freezing during conditioning. (A) Experimental timeline for remote memory testing. Time spent
freezing (mean percentage of each CS duration) to subsequent CS presentations during fear conditioning. (B) Experimental timeline for recent memory testing.
Time spent freezing (mean percentage of each CS duration) to subsequent CS presentations during fear conditioning. (C) Experimental timeline for recent
memory testing, PNNs degraded before training. Time spent freezing (mean percentage of each CS duration) to subsequent CS presentations during fear
conditioning.
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Fig. S4. Removal of perineuronal nets before or after fear conditioning does not affect recent or remote contextual fear memory retrieval. (A) Detailed
experimental timeline for remote memory testing. (B) Animals with bilateral chABC injection in V2L (n = 7 rats) show no significant difference in freezing to
either context compared with the sham-operated controls (n = 12 rats). Each dot represents one animal, bars indicate population mean. Two-way ANOVA,
treatment (aCSF or chABC) × condition (training context or altered context): condition, F(1,17) = 0.23, P = 0.63; treatment group, F(1,17) = 3.88, P = 0.065; in-
teraction between condition and treatment group, F(1,17) = 0.34, P = 0.57. (C) Animals with bilateral chABC injection in V1 (n = 10 rats) show no significant
difference in freezing to either context compared with the sham-operated controls (n = 14 rats). Two-way ANOVA, treatment (aCSF or chABC) × condition
(training context or altered context): condition, F(1,22) = 2.78, P = 0.11; treatment group, F(1,22) = 0.1, P = 0.75; interaction between condition and treatment
group, F(1,22) = 0.28, P = 0.59. (D) Detailed experimental timeline for recent memory testing. Animals with bilateral chABC injection in V2L (n = 8 rats) show no
significant difference in freezing to either context compared with the sham-operated controls (n = 8 rats). Two-way ANOVA, treatment (aCSF or chABC) ×
condition (training context or altered context): condition, F(1,14) = 17.1, P = 0.001; treatment group, F(1,14) = 0.06, P = 0.81; interaction between condition and
treatment group, F(1,14) = 0.005, P = 0.95. (E) Detailed experimental timeline for recent and remote memory testing, chABC injected before training.
(F) Animals with bilateral chABC injection in V2L (n = 4 rats) show no significant difference in freezing to context compared with the sham-operated controls
(n = 8 rats). Two-way ANOVA, treatment (aCSF or chABC) × condition (training context or altered context): condition, F(1,10) = 18.9, P = 0.0015; treatment
group, F(1,10) = 0.05, P = 0.81; interaction between condition and treatment group, F(1,10) = 0.003, P = 0.96. (G) Animals with bilateral chABC injection in V2L
(n = 8 rats) show no significant difference in freezing to either context compared with the sham-operated controls (n = 12 rats). Two-way ANOVA, treatment
(aCSF or chABC) × condition (training context or altered context): condition, F(1,18) = 6.86, P = 0.01; treatment group, F(1,18) = 0.16, P = 0.69; interaction between
condition and treatment group, F(1,18) = 1.89, P = 0.19.
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Fig. S5. Coherence in LFP between V2L and the basolateral amygdala (BLA). (A) Experimental timeline for electrophysiological recordings during recent
memory testing. LFPs from V2L and BLA increased in coherency during recall of a recent memory (gray, four animals), similar to during remote memory recall
(blue, four animals). (B) Mean coherence in LFP from 1 to 60 Hz during the first 2 s of light CS presentation during the remote memory test. (C) No significant
differences between groups were detected for other frequency intervals than theta (5–8 Hz) during remote memory testing. (D) No difference in response
latency to light CS between the groups during remote memory testing. One-way ANOVA, F(2,47) = 0.07, P = 0.92. ns, not significant.
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