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Abstract 
 

Abnormal Recovery from Anesthesia: A Marker of Early Cognitive Dysfunction in Rodent 
Models of Disease 

By Christopher George Sinon 
 

The widespread adoption of general anesthetics in the 19th century led to rapid advancements in 
surgical practice. However, alongside this growth there has been concern about the appearance of 
cognitive disturbances in the postoperative period. Large clinical research projects have begun to 
elucidate some of the risk factors that can predispose patients to postoperative cognitive 
impairments and correlated the risk for later cognitive impairments with the appearance of earlier 
postoperative cognitive disturbances. Unfortunately, most published work on abnormal recoveries 
from anesthesia exists in the form of individual case studies or uses methods that are not currently 
practical for translation to everyday clinical use. Preclinical models represent a promising 
approach towards investigating biological underpinnings of abnormal emergence and recovery. 
This thesis contains our work characterizing the immediate emergence and recovery from 
anesthesia in preclinical models of conditions known to be risk factors for developing 
postoperative cognitive impairments. We characterized the behavioral phenotype and 
neuropathology of a transgenic rat model of Alzheimer’s Disease (AD).  At 12-months of age there 
is neuropathology consistent with the early phase of AD, but with no observed behavioral 
differences between wild type and transgenic rats. We compared the latency to display emergence 
and recovery behaviors following isoflurane exposure in 12-month wild type and transgenic rats. 
Recovery from isoflurane is significantly delayed in transgenic AD rats when compared to wild 
type. Despite this, transgenic AD rats are not more sensitive to anesthetic drugs as measured by 
EEG, suggesting that delayed recovery may be due to exacerbation of AD disease pathology. 
Additionally, we investigated how emergence and recovery behaviors are altered in a type 2 
diabetes rat model. We found that these rats do not differ from wild type rats in their emergence 
or recovery, but prior treadmill exercise hastened recovery from anesthesia in both groups. Overall, 
we demonstrate the ability to identify changes in the behavioral response to anesthetics in the 
recovery from general anesthesia due to disease progression and prehabilitative interventions. Our 
results highlight the need to treat the emergence and recovery from anesthesia as distinct clinical 
endpoints.  
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Chapter 1 - General Introduction 
 
Selected sections are adapted from: Sinon CG, Arora SS, Rodriguez AD, Garcia PS (2019). 
‘Special Considerations: Alzheimer’s Disease’, in Prabhakar H, Mahajan C, Kapoor I (ed.) 
Essentials of Geriatric Anesthesia. CRC Press.[1] 
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 The widespread adoption of general anesthetics in the 19th century led to rapid 

advancements in surgical practice. The refinements of the field of anesthesiology include the 

development of inhalation anesthetics, intravenous anesthetics, neuromuscular blockade, airway 

management, and monitoring of heart rate & body temperature for drug titration. The complexity 

and success rate of surgical procedures grew alongside our growing knowledge of anesthetic 

practices. However, alongside this growth there has been concern about the appearance of 

cognitive disturbances in the postoperative period. Discussions of this topic in the literature, 

dating as far back as the late 1800’s, have commonly hypothesized that general anesthetics may 

underlie cognitive disturbances[2, 3]. Two classic works, a 1953 paper in JAMA Pediatrics by 

James Eckenhoff on postoperative personality changes in children[4] and a 1955 paper by Philip 

Bedford on postoperative cognitive decline in patients over aged 65[5], laid a foundation for the 

modern study of the effects of general anesthetics on cognition.  

Unfortunately, progress in this field of research has been slow and often contentious. It is 

not common practice for cognitive assessments of patients to be performed prior to surgery, so 

many of the accounts available regarding problems of cognition following surgery are from case 

reports or anecdotal evidence. For instance, the data from Eckenhoff’s 1953 paper was gathered 

from surveys of parents on their child’s recovery from surgery and Bedford’s 1955 paper 

consisted of case histories where there was no obvious documented surgical complication that 

could explain the observed cognitive impairments. Bedford was prophetic in two of his 

assessments of the future of research on postoperative cognitive impairments: 

1. The occurrence of these cognitive impairments will likely be clinically underreported 

(as “neurosis” among the young and “senility” among the old). 
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2. There must be “individual susceptibility” that predisposes a patient to postoperative 

cognitive disturbances. 

Large clinical research projects have begun to elucidate some of the risk factors that can 

predispose patients to postoperative cognitive impairments. There has largely been a subdivision 

of cognitive impairments into separate conditions based primarily on the timing of appearance. 

Emergence agitation describes an agitated and hyperactive emergence where patients can 

become confused and violent. Post-anesthesia Care Unit (PACU) Delirium and Postoperative 

Delirium (POD) are acute disturbances in attention and cognitive function diagnosed in the 

recovery room and the days following surgery, respectively. Postoperative Cognitive 

Dysfunction (POCD) describes declines in cognitive function lasting weeks to months. These 

conditions share some common risk factors (such as advanced age and prior cognitive 

impairments) and the risk for later cognitive impairments increases with the appearance of earlier 

cognitive disturbance.  

  Preclinical models have demonstrated learning and memory impairments in the days and 

weeks following both surgery and general anesthesia independent of surgery. However, no 

preclinical models of POD or POCD are currently available. This thesis contains our work 

characterizing the immediate emergence and recovery from anesthesia in preclinical models of 

conditions known to be risk factors for developing postoperative cognitive impairments. This 

chapter serves as a detailed introduction to the use of anesthesia in the study of consciousness 

and our understanding of cognitive impairments in the immediate postoperative period. 

1.1 History of Anesthesia 

Techniques for anesthesia and/or sedation with analgesia were first used for medicine in 

antiquity. However, modern anesthesiology was born primarily from the work of physicians and 
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chemists working in the late-18th and early-19th centuries. From historical records, it appears 

clear that protocols for anesthesia have been developed and abandoned by healers many times 

throughout human history. Changing religious practices and the upheaval of past civilizations 

may partially explain why different early anesthetics were abandoned or forgotten, although it is 

also clear from early writings that early attempts at anesthesia used substances that were 

dangerous and poorly controlled[6]. As late as 1845, one year before William Morton’s famous 

“discovery” of ether anesthesia at Massachusetts General Hospital, a failed demonstration of 

nitrous oxide anesthesia during a tooth extraction was attempted by Horace Wells. Despite 

records of multiple previous successful dental procedures using nitrous oxide by Wells, the failed 

demonstration along with fear from the wider medical community regarding the use of ether or 

nitrous oxide during surgery convinced Wells to abandon the technique[7]. Since the adoption of 

anesthesia in medicine starting in the 1840’s, development and improvements in the use of 

anesthesia have primarily focused on improving safety in administration of anesthetics and 

improving the anesthesiologist’s control of the induction, maintenance and emergence from 

anesthesia.    

1.1.1 Early Anesthetics 

“Anaesthesia” comes from the Greek, an- (an-, ‘not’ or ‘without’) and αἴσθησις 

(aesthesis, ‘perception’ or ‘sensation’)[8]. The modern adoption of the word is credited to Oliver 

Wendell Holmes, who suggested the name in correspondence with William T.C. Morton after the 

successful demonstration of ether anesthesia in October 1846[9]. However, the recorded pursuit 

of techniques to lessen pain and perception in medical practice date back as far as the Ancient 

Sumerians and Egyptians. Alcohol was popular in ancient Mesopotamia[10, 11] and there is 

evidence the Sumerians cultivated opium poppies as early as 3400 BCE[12]. They referred to the 
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poppies as hul gil (‘joy plant’), suggesting that they knew that the plant could be used for its 

euphoric properties. References to beer, wine and poppies appear in the oldest recovered 

Sumerian cuneiform tablets on herbal medicines[13].  

The Egyptian medical papyri contain detailed descriptions of early surgery, with the use 

of hemp and poppies for patient sedation[14, 15]. These texts also contain the first recorded 

reference to the brain and demonstrate knowledge of the brain’s role in control of motor function 

through case reports on head trauma. Ancient Egyptians also administered the first recorded local 

anesthetic medication, a mixture of powdered marble and vinegar[9, 16]. The reaction of the two 

compounds forms carbonic acid and was used as topical treatment for painful wounds. Wine, 

cannabis incense and wolfsbane were used in ancient China and India as forms of anesthesia[17]. 

The earliest written depictions of surgery performed with a general anesthetic medication come 

from China around 200 CE[18, 19]. A Chinese surgeon named Hua Tuo is credited with using a 

mixture of wine and a substance called “mafeisan” (‘cannabis boiling powder’) to induce 

anesthesia before performing surgery to remove gangrenous portions of the intestine. Hua Tuo’s 

patients were reported to fall unconscious for extended periods of time after drinking the 

mixture, however the exact ingredients of mafeisan were lost to history when Hua Tuo was 

executed for refusing to treat the warlord, Cao Cao[20].  

The slow development of medical techniques for minimizing pain and perception for 

surgery can be partially blamed on the reluctance of many early civilizations to perform invasive 

medical procedures. The Hammurabi code punished doctors for failed attempts at surgery with 

the removal of a hand[21]. Surgery was not popular in ancient China, especially after the death of 

Hua Tuo, because the practice was viewed as a form of body mutilation within the beliefs of 

Confucianism[18]. Alternatively, in some areas surgical practice flourished, but without the use of 
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anesthesia. Al-Zahrawi’s medical encyclopedia, Kitab al-Tasrif, was a foundational text for 

physicians throughout the Middle Ages and the final chapter on surgical practice remained 

influential in Europe into the 18th century[22]. While techniques for inhalation anesthesia 

administered via a sponge soaked herbal sedatives are recorded to have existed at this time in 

Europe and Asia[23], but the Kitab al-Tasrif itself only recommended the use of restraints for 

patients undergoing painful procedures[24].  

1.1.2 The Beginnings of Modern Anesthesia 

 The first widely used modern anesthetics were nitrous oxide, ether and chloroform. The 

stupefying effects of all three substances were well known when they were adopted as tools for 

surgery, due to their recreational use and from public exhibitions of their effects. Credit for the 

discovery of anesthesia has been disputed amongst a number of scientists and physicians from 

the early 19th century. Humphry Davy suggested that the alleviation of pain caused by nitrous 

oxide could be useful for surgical operations in 1800[6]. William Clarke of New York and 

Crawford Long of Georgia separately used ether anesthesia on patients in 1842. As mentioned, 

Horace Wells unsuccessfully attempted to demonstrate nitrous oxide anesthesia for medical 

students in Boston in 1845, following a year of successful use of the drug in his dental practice in 

Connecticut. Ether anesthesia was publicly demonstrated and internationally publicized by 

William Morton in 1846. The following year James Simpson published his experiments using 

chloroform as an anesthetic during childbirth, establishing the drug as an alternative to ether[25]. 

 Early attempts at explaining the anesthetic effects of these drugs led to confusion and 

disagreements regarding the usefulness of these drugs clinically. Nitrous oxide was characterized 

by some as being a “stimulant” at subanesthetic doses, because the drug “stimulated” a euphoric 

and dissociated state punctuated by giggling/laughter (hence the colloquialism “laughing gas”)[7]. 
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Morton disputed Wells claims to be the inventor of general anesthesia by claiming ether as the 

first “non-stimulant” gas used for anesthesia and therefore sufficiently different from Wells’ 

initial approach. In truth, both drugs depress CNS function and ironically ether appears to act as 

a stimulant of sympathetic function at low and moderate doses[26, 27]. Gardner Quincy Colton 

reintroduced nitrous oxide in dental practice beginning in 1863[28]. 

1.1.3 Improvements in Anesthesiology 

 During the late 19th and early 20th centuries, professional societies and training programs 

started to develop regarding the use of anesthesia. Techniques for patient airway management[29], 

local anesthesia[30] and the first neuromuscular blocks[31] were all developed around this time. 

Since this period, advances in anesthesiology have traditionally focused on either improving 

patient safety during anesthesia or improving the pharmacodynamics and pharmacokinetics of 

anesthetic drugs. After halothane was synthesized in the 1950’s, it replaced both diethyl ether 

and chloroform for use in surgical anesthesia. Halothane improved patient safety because it has 

fewer toxic side effects than chloroform[32]. Halothane also improved occupational safety for 

anesthesiologists by reducing the likelihood of fires and explosions in operating rooms that had 

been supplied with highly flammable diethyl ether[33]. The development of intravenous 

anesthetics removed the necessity for breathing masks during surgery, allowing for more 

complicated surgical procedures to be performed on the head and face of patients. The 

introduction of halogenated ethers further improved the safety and pharmacodynamics of 

inhalation anesthetics. For example, compared with the first inhalation anesthetics, sevoflurane is 

considerably safer for patients than diethyl ether and produces anesthesia significantly faster than 

nitrous oxide. 
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The minimum alveolar concentration (MAC) of an anesthetic drug is the concentration 

needed to cause immobility in 50% of patients[34]. The description of MACs for common 

anesthetics and the discovery that MAC values are additive between anesthetics have led to new 

anesthesia protocols that reduce the individual drug concentrations necessary to produce general 

anesthesia[35]. Today, anesthesia is often administered using drug cocktails that may contain an 

induction agent, neuromuscular blockade, a maintenance anesthetic and additional analgesics.  

1.2 Historical Problems in the Study of Consciousness 

 The use of anesthesia has turned surgery into a task more similar to medical dissection, 

by reducing the patient to being just “a body” during operation[36]. Anesthesia has also produced 

possibilities for better understanding how the brain produces consciousness (by virtue of 

understanding how anesthetics produce unconsciousness). Debate about the genesis, nature and 

purpose of consciousness is well established in philosophy and has proved to be a difficult 

subject for empirical research. While aspects of consciousness are certainly assessable by third 

party observers, there is concern that there is an individual, fundamentally subjective component 

to consciousness that is incompatible with a reductionist scientific explanation. This section 

explores three unanswered “problems” in the study of consciousness that are important 

considerations for study of mechanisms of general anesthesia.  

1.2.1 The Hard Problem of Consciousness 

“The really hard problem of consciousness is the problem of experience. When we 
think and perceive, there is a whir of information-processing, but there is also a 
subjective aspect. As Nagel (1974[37]) has put it, there is something it is like to be a 
conscious organism.” -David Chalmers, Facing Up to the Problem of 
Consciousness 

  
The modern conception of the Hard Problem of Consciousness was stated in a 1995 article by 

David Chalmers[38]. Chalmers assesses the modern attempts to rigorously understand the basis of 
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consciousness as focusing on explanations of cognitive functions and abilities. He views the 

combined efforts of all consciousness researchers as attempting to segment consciousness into a 

collection of cognitive functions and abilities, which when explained will equal the sum total of 

what is consciousness. In Chalmers’ assessment, this method is fundamentally flawed, because a 

subjective experience underlies each cognitive function or ability and these experiences are left 

unexplained by modern consciousness research. He states: 

“It is undeniable that some organisms are subjects of experience. But the question 
of how it is that these systems are subjects of experience is perplexing. Why is it 
that when our cognitive systems engage in visual and auditory information-
processing, we have visual or auditory experience: the quality of deep blue, the 
sensation of middle C? How can we explain why there is something it is like to 
entertain a mental image, or to experience an emotion? It is widely agreed that 
experience arises from a physical basis, but we have no good explanation of why 
and how it so arises. Why should physical processing give rise to a rich inner life at 
all? It seems objectively unreasonable that it should, and yet it does.  

If any problem qualifies as the problem of consciousness, it is this one.” 

Many potential solutions (or frameworks for solutions) to the hard problem of consciousness 

have been proposed, but none have gained popular acceptance[39, 40]. A common criticism of the 

proposed solutions is that they still focus on solving “easy problems of consciousness”, which 

correlate conscious experiences with functional capabilities of the brain, and then they make the 

‘unfounded’ claim that consciousness emerges from the sum total of these functional 

capabilities. However, critiques of Chalmers and his supporters claim that their beliefs about the 

nature of subjective experience are only compatible with mind-body dualism[41, 42]. 

1.2.2 Easy Problems of Consciousness 

 Generally speaking, while awake, humans perceive the world around them, remember the 

things that happen to them and display behaviors that demonstrate a subjective experience of 

reality. While it is truly difficult to conceptualize how to explain the neurological mechanisms 
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underlying subjective experience, it is possible to access information on when subjective 

experiences are occurring, both through personal reporting and through the monitoring of 

neurological function. “When has consciousness changed?” is an answerable question, even if 

it’s hard to pin down exactly what conscious experience is like for any singular individual. 

 There are demonstrated and relatively well understood differences between being awake 

and being sleep[43]. During slow wave sleep, individuals are unconscious and generally 

immobile. They do not form declarative memories and the thresholds for sensory perception are 

dramatically increased. There are well characterized differences between cortical activity 

recorded while awake and during slow wave sleep. In addition, there are physiological 

characteristics associated with sleep that do not directly access conscious experience but do 

correlate well with the levels of arousal and fluctuations in consciousness. Pupil size is correlated 

with increasing drowsiness and different stages of sleep. Glucose metabolism is decreased in 

deep sleep. Sleep is also associated with decreases in heart rate, respiratory rate, core body 

temperature and muscle activation. 

 These types of measurements are important for two reasons: 1) they indicate brain 

regions and signaling pathways that may be involved in the organization of consciousness, & 2) 

they provide tools for answering the “easy problems of consciousness”, which don’t necessitate a 

complete understanding of another’s subjective experience. Figure 1.1 includes a general 

framework for experiments on “easy problems of consciousness”[44]. 
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Figure 1.1 – Framework for organization of the neural activity underlying 
conscious behaviors.  

Neural processing underlying consciousness can be classified as pertaining to the 
neural correlates of sensory stimuli (NCS), neural correlates of behavior (NCB), and the 
neural correlates of consciousness (NCC). These neural activities do not need to be 
segregated in different brain regions. Quantification of the stimulus inputs into the brain 
and observations of behavior can be understood without the need to account for 
subjective reporting. Verbal and behavioral reporting are best understood in the context 
of research on humans, where subjective experience can be self-reported. Adapted 
from Frith et al. 1999, The neural correlates of conscious experience: an experimental 
framework[44] with permissions through RightsLink. 
 
 
 
1.2.3 Animal Consciousness 

While not itself an argument against the existence of animal consciousness, Thomas 

Nagel’s 1974 paper, “What is it like to be a bat?”, highlights the difficulty in assessing 

consciousness in animals[37]. Nagel’s argument can be summarized as follows: 

 

“An	organism	has	conscious	mental	states	if	and	only	if	there	is	something	that	
it	is	like	to	be	that	organism	–	something	that	it	is	like	for	the	organism	to	be	
itself.”	
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Considering this understanding of animal consciousness, a true objective measure of conscious 

experience in a bat is inaccessible to humans, since we cannot conceptualize what it is like for a 

bat to be itself.  

As a result, arguments in favor of animal consciousness have generally avoided attempts 

to “prove” subjective experience occurs in animals and focused instead on likely similarities in 

the neural correlates of consciousness between humans and animals. Neural correlates of 

consciousness are a minimum set of neuronal responses underlying conscious experience[45]. In 

response to anthropocentric views on consciousness, the Cambridge Declaration on 

Consciousness was issued in 2012: 

 
	
“The	absence	of	a	neocortex	does	not	appear	to	preclude	an	organism	from	
experiencing	affective	states.	Convergent	evidence	indicates	that	non-human	
animals	have	the	neuroanatomical,	neurochemical,	and	neurophysiological	
substrates	of	conscious	states	along	with	the	capacity	to	exhibit	intentional	
behaviors.	Consequently,	the	weight	of	evidence	indicates	that	humans	are	not	
unique	in	possessing	the	neurological	substrates	that	generate	consciousness.	
Non-human	animals,	including	all	mammals	and	birds,	and	many	other	
creatures,	including	octopuses,	also	possess	these	neurological	substrates.”	
	

 

Classical experiments into the contents of animal consciousness have involved assessments of 

awareness of self and surroundings, often through sensory processing. The “mirror test” has been 

used as an assessment of self-awareness in research into animal consciousness[46, 47]. Studies of 

imitation behaviors have attempted to demonstrate that animals possess a sense of agency and 

body image[48]. The use of language in animals has been cited as evidence for subjective 

experience in animals[49]. There is still concern regarding the validity of these tests for 

assessment of consciousness in animals, but new analysis tools are being developed to address 

these critiques objectively[50, 51]. 
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1.3 Changes in States of Consciousness 

 It is clear that there is a threshold for cortical arousal required to maintain wakefulness in 

animals. It has also been broadly shown that cognitive abilities can be impacted by states of 

arousal, as well as damage to specific areas of the brain. In order for the effects of anesthetics to 

be thought of as truly “temporary and reversible”, there must be no subsequent long-term impact 

on brain regions important for arousal or cognition.  

1.3.1 When has conscious experience changed? 

 Distinctions between the “level” of consciousness and the “content” of consciousness 

have been made by multiple researchers[44, 52]. Classically, the “level” of consciousness describes 

the behavioral arousal of an individual and the “content” of consciousness is the individual’s 

state of awareness or quality of experience. Different states of consciousness can then be 

displayed graphically, as in Figure 1.2 from Laureys 2005[52]. States with high behavioral arousal 

but low awareness include sleepwalking and vegetative states. States with lower behavioral 

arousal and higher awareness include REM sleep and Locked-in syndrome.  
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Figure 1.2 – Graph of the hypothetical amounts of arousal (wakefulness) and 
awareness present in different states of consciousness  

Differences in neurophysiology, functional connectivity, and circuit activation have been 
identified that seem to correlate with different states of consciousness. Related brain 
states that differ along one axis present potential opportunities to investigate the neural 
correlates of arousal (coma vs. vegetative state) and awareness (REM vs. NREM 
sleep). Adapted from Laureys 2005, The neural correlate of (un)awareness: lessons 
from the vegetative state[52] with permission through RightsLink. 
 
  

In animal studies it is difficult to assess the content of consciousness, because this is often 

assessed via verbal report in humans. Instead, consciousness is often assessed only by 

determining the level of behavioral arousal. The loss of righting reflex (LORR) has historically 

been used as a behavioral marker of the loss of consciousness due to anesthesia[53, 54]. Rats that 

are awake and aware of their surroundings will resist being placed in a supine position and right 

themselves immediately. The LORR and subsequent return of righting reflex (RORR) can 

therefore be used as markers for the induction and emergence from anesthesia. EEG experiments 

correlate the LORR of righting reflex with a change from low amplitude, high frequency brain 

activity (characteristic of awake) to high amplitude, low frequency brain activity (characteristic 

of anesthesia)[55]. The reversal of this activity is seen during RORR. 

1.4 Effects of General Anesthesia  

 By definition, all general anesthetics cause loss of consciousness. All anesthetics (and all 

other causes of unconsciousness) are associated with a decrease in the information content of 

neural activity. Cortical activity driven by lower brain structures is dominated by high amplitude, 

low frequency oscillations during general anesthesia. For most anesthetics, this effect is thought 

to be primarily due to an increase in global inhibition, through agonism of gamma-aminobutyric 

acid (GABA) receptors. However, general anesthetics happen to also share a fairly low drug 
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potency. Relatively high concentrations are needed to achieve loss of consciousness and at these 

concentrations off target effects can be plentiful[56]. As a result, these drugs cause heterogenous 

pharmacological, neurophysiological and behavioral effects. This section considers the 

similarities and differences in anesthetic drug action at each of these three levels, in the context 

of clinical use and in the study of consciousness.  

1.4.1 Pharmacology 

 Consideration of the GABAA receptor (GABAAR) provides an example of the difficulty 

in succinctly summarizing the pharmacological effects of anesthetics. A proposed mechanism of 

general anesthesia via GABAAR signaling would begin with activation of the receptor, opening 

an ion channel selective for chloride (Cl-). The flow of Cl- into the neuron hyperpolarizes the cell 

and inhibits action potential firing. Mass activation of GABAARs by a general anesthetic 

therefore decreases the likelihood and content of signaling from cortico-cortical connections, 

cortico-thalamic connections and ascending arousal pathways.  

 However, (1) at drug concentrations required for surgical anesthesia, all current clinically 

used anesthetics will bind more than one receptor type. Additional receptor binding could be 

likely at glycine receptors, NMDA receptors, nicotinic receptors, and 5-HT receptors depending 

on the drug used, which obscures interpretations regarding potential effects on GABAARs[56]. (2) 

Anesthetics can modulate receptors present at the synapse or extra-synaptic receptors. Activation 

of these receptor populations have different effects on phasic and tonic changes in neuronal 

activity[57]. (3) GABAARs are pentameric transmembrane receptors consisting of different 

combinations of a, b, and g subunits. There are at least eight identified GABAAR subunit 

conformations in the brain, each with different expression patterns throughout the brain and 

affinities for general anesthetics, so GABAAR activation is not uniform in its effects throughout 
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the brain[57, 58]. (4) There are changes in homeostatic processes in the brain during anesthesia, 

such as oxygen consumption[59] and glucose utilization[60], that are dose dependent. These effects 

could further depress arousal during anesthesia. (5) Anesthetics also have peripheral effects at 

high concentrations, such as modulations of heart rate or respiration, that could further potentiate 

the effects on the brain[61, 62]. The combination of these factors, on top of a foggy understanding 

of the emergence of consciousness from brain activity, makes a cellular mechanism for general 

anesthesia difficult to define. They also highlight the need for proper intraoperative monitoring 

of cardiac, respiratory and neurophysiological activity during surgery by anesthesiologists. 

 Still, when drugs are considered with a focus on clinical endpoints, namely the loss of 

consciousness or inhibition of pain stimulus, their characteristics are easier to summarize. MAC 

is a useful measure for anesthetic administration and allows for predictable titration of anesthesia 

to prevent movement during surgery[34, 63]. The chemical structures of commonly used 

anesthetics are varied, but there are similarities in structural properties that allow for subgrouping 

of anesthetics (Figures 1.3-4). For instance, the addition of an ether (-O-) group to the chemical 

structure can increase anesthetic potency and substitution of an alcohol (-OH) group in place of 

the ether will further increase potency[56]. This effect is likely due to the increasing potential for 

these functional groups to act as a hydrogen donor at the drug binding site. There are also well-

defined critical points for the structural size of anesthetic drugs. Dodecanol (C12H26O) has the 

highest potency for an alcohol anesthetic, but tetradecanol (C14H30O) does not produce general 

anesthesia, likely due to steric hindrance[56]. Better understanding of drug functional groups and 

established binding sites have helped in the creation of new anesthetics, often designed with the 

goal of improving broad clinical endpoints, such as faster drug metabolism to improve anesthetic 

clearance and emergence from anesthesia[64]. 
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Figure 1.3 – Inhalation anesthetics used in modern Anesthesiology.  

Chemical structures and dates of first clinical use are displayed. Adapted with 
permission from https://www.compoundchem.com/2014/11/10/anaesthetics-pt1/, made 
available through Creative Commons Attribution-NonCommercial-NoDerivatives 
Internation 4.0 license. 
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Figure 1.4 – Intravenous anesthetics used in modern Anesthesiology.  

Chemical structures and dates of first use are displayed. Adapted with permission from 
https://www.compoundchem.com/2015/09/08/iv-anaesthetics/, made available through 
Creative Commons Attribution-NonCommercial-NoDerivatives Internation 4.0 license. 
 

1.4.2 Behavior 

 Ideally, general anesthesia will achieve amnesia, hypnosis, analgesia, areflexia and 

immobility during the noxious stimulation of surgery. A combination of these effects suitable for 

surgery is often not achievable or advisable from administration of a single drug, so 

polypharmacy is common during surgical anesthesia[65, 66]. Polypharmacy could be compounded 

by further administration of anesthetic reversal agents to hasten the return of consciousness 

following a procedure. While all anesthetics produce varying degrees of immobility, any 
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unexpected movements by the patient during surgery could have catastrophic consequences, so 

the immobilizing effects of anesthetic drugs are often supplemented with neuromuscular 

blockers. Additionally, analgesic effects of anesthetics tend to dissipate shortly after emergence 

from anesthesia and must be supplemented with additional pain medications. A different collage 

of effects exists for each drug and the effects of a singular drug may differ based on the 

concentration delivered. 

 Taking ketamine as an example, its delivery in high concentrations causes temporary loss 

of consciousness. It is therefore a general anesthetic. Ketamine is an amnestic, but the 

psychoactive side effects of ketamine exposure can cause complication during emergence from 

anesthesia when it is delivered as a sole anesthetic[67]. However, when it is given in combination 

with sevoflurane, it actually reduces incidents of emergence agitation in children[68]. Ketamine 

causes hypnosis through its action on many different receptor types, including antagonism of 

NMDA receptors[69]. The resulting brain activity under ketamine is more akin to that seen under 

REM sleep than the slow wave sleep-type anesthesia common amongst volatile anesthetics[70, 71]. 

Ketamine is a dissociative drug causing euphoric sensations and also potentiates the effects of 

opioids, making it useful as an analgesic. Ketamine greatly reduces mobility, however catalepsy 

and movement even at surgical anesthesia concentrations have been reported[69]. While ketamine 

has antagonistic effects on muscarinic and dopaminergic receptors, subanesthetic doses have 

been associated with elevated acetylcholine levels in cortex that appear to hasten anesthetic 

emergence[71]. In addition, ketamine anesthesia does not suppress respiratory and cardiac 

function to the extent seen with other anesthetic drugs[72]. 

 The combination of these factors makes ketamine a suitable anesthetic for very specific 

clinical purposes. Worldwide, ketamine, injected intramuscularly or intravenously, is often used 
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as a sole anesthetic for simple surgeries especially in low and middle income countries that do 

not have specialized medical institutions due to its limited effects on respiratory and cardiac 

functions[72]. For similar reasons, it is the preferred anesthetic for battlefield procedures by the 

U.S. military[73]. In these situations, ketamine is quite versatile making short procedures possible 

without usual anesthesia equipment. In North America and Europe, ketamine is less often used as 

a sole anesthetic but has seen a resurgence in clinical use for synergy with other anesthetic and 

analgesic drugs. 

1.4.3 Neurophysiology 

The EEG represents the summation of electrical inputs onto dendrites of cortical neurons.  

EEG recordings are non-invasive and thus can be implemented as a monitor of brain activity 

before, during, and/or after surgery for most patients.  Electrodes are affixed to the skin and will 

record electrical activity from the brain through the skin and skull.  During recording, the higher 

frequency activity of brain will be filtered out of the signal by the skull and the power of the 

EEG signal recorded will be affected by the number of neurons present in the recording area and 

the distance between the electrode and the surface of the brain[1].  
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Figure 1.5 - EEG traces demonstrating characteristic EEG voltage changes under 
increasing concentrations of isoflurane anesthesia.  

As isoflurane concentration increases from 0.3% to 1.5%, the EEG trace transitions 
towards slower, high amplitude voltage changes. The final trace displays a period of 
burst suppression, where periods of suppression of cortical activity are interrupted by 
bursts of high amplitude, low frequency activity. Adapted from Hagihara 2015, Changes 
in the electroencephalogram during anaesthesia and their physiological basis[74] with 
permissions through RightsLink. 
 
 
 

Raw EEG traces from individual electrodes during wakefulness are generally 

characterized by low-amplitude, high frequency voltage changes. During anesthesia, the 

recorded activity transitions towards high amplitude, low frequency voltage changes (Figure 

1.5)[74]. With increasing anesthetic dose, global synchrony decreases while local synchrony 

increases[75, 76]. Considering these changes in the context of Shannon’s Information Theory[77], 

low local synchrony during consciousness represents high informational capacity of the neural 
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activity at the source location. Higher global synchrony would then represent greater potential 

for mutual information to be shared between the source and destination region. Anesthesia, then 

dramatically decreases the amount of information contained within the local neural activity and 

decreases the fidelity of information transmission between brain regions. 

EEG activity can also be described in the frequency domain by computing the spectral 

power over defined frequency bands (delta: 0.5-4 Hz, theta: 4-8 Hz, alpha: 8-14 Hz, beta: 14-30 

Hz, gamma: >30 Hz). For most primarily GABAergic anesthetics, increasing the concentration 

of the anesthetic increases spectral power in slower frequency bands. Mild to moderate sedation 

is characterized by increasing power in frequencies less than 14 Hz. With further sedation, alpha 

power tends to decrease, and the EEG power spectrum is dominated by delta power. Spectral 

analysis of EEG activity is a guiding principal for “consciousness monitors” that can be used to 

guide anesthetic drug administration during surgery[78]. EEG similarities exist among drugs that 

work through a common mechanism. For instance, the frontal EEG pattern during anesthesia 

with ketamine is different when compared to propofol and the volatile anesthetics[78]. 

At excessively high concentrations of anesthesia, near complete cessation of neuronal 

electrical activity can be observed in the raw EEG signal. Burst suppression describes periods of 

isoelectricity (suppressions) followed by bursts of high amplitude voltage changes. Burst 

suppression has been observed during the administration of high concentrations of enflurane, 

isoflurane, sevoflurane, desflurane, pentobarbital, methohexital, sodium thiopental, propofol, 

etomidate and cyclopropane. Burst suppression does not appear to occur even at high 

concentrations of chloroform, halothane, xenon, nitrous oxide, ketamine or opioids[79]. There are 

two proposed mechanisms that have been proposed to explain the appearance of burst 

suppression. High doses of isoflurane decrease extracellular calcium levels, however during 
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suppressions the extracellular calcium levels begin to rise[80]. It is thought that burst suppression 

is caused by an exhaustion of extracellular calcium during bursting followed by a refractory 

period where calcium levels being to restore (suppressions). The neuro-metabolic model shares 

similar principles of action. High concentrations of anesthesia reduce brain metabolism which 

decreases ATP production. During bursts, ATP is used to support neural activity, followed by 

periods of suppression where more ATP is produced[81]. At the systems level, suppressions have 

also been explained as a periods of “cortical deafferentation”.  Burst patterns are correlated 

information flow from brainstem nuclei to the thalamus and finally to the cortex, whereas there is 

little influence from the brainstem and thalamus on cortical activity during suppressions[82]. 

1.5 Emergence and Recovery from Anesthesia 

 The passive emergence from anesthesia is mediated by the metabolism and clearance of 

anesthetic drugs and an increase in signaling in cortical arousal pathways as anesthetic effects 

begin to wane. However, there appears to be natural hysteresis in the state transitions between 

consciousness and unconsciousness caused by anesthesia, suggesting that pharmacological 

effects alone do not completely account for the threshold for state changes during the induction 

or emergence from anesthesia. Induction of anesthesia requires a higher concentration of 

anesthesia than is required for emergence from anesthesia. This resilience to state transitions has 

been referred to as “neural inertia” and implies that the actions underlying anesthetic induction 

and emergence are not simply reverse processes[83]. 

1.5.1 Anesthetic Reversal  

The state of anesthesia can also be reversed by drugs that either (1) compete for binding 

sites on the protein targets of the anesthetic or (2) activate arousal pathways. Flumazenil is a 

competitive antagonist for the benzodiazepine-binding site on GABAARs and has been used 
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clinically to treat benzodiazepine overdose[84]. It has shown promise in the treatment of 

hypersomnia[85] and for reversing sedation from volatile anesthetics, although some groups have 

found no effect of flumazenil on the recovery from anesthesia after surgery[84]. Flumazenil 

appears to also function as a competitive antagonist for GABA at the GABAAR and reduces the 

increased chloride currents caused by isoflurane binding to GABAARs, which may explain its 

anti-sedative effects[86].  

Stimulation of arousal pathways can reverse the effects of anesthetics, even during 

continued administration of anesthetic drugs. Atipamezole and Yohimbine have both been used 

primarily as reversal agents in veterinary anesthesia. Both drugs antagonize the a2-adrenergic 

receptor, which halts the inhibition of norepinephrine release[84, 87]. Deep brain stimulation and 

optogenetic stimulation of dopamine neurons in the ventral tegmental area (VTA) induce 

emergence from anesthesia with isoflurane and propofol[88, 89]. Thalamic microinjections of 

nicotine to thalamus has been shown to reverse sevoflurane anesthesia through acetylcholine 

signaling pathways[90]. The acetylcholinesterase inhibitor, physostigmine, has also been 

demonstrated to reverse propofol and sevoflurane anesthesia in humans[91, 92]. Deactivation of 

norepinephrine pathways have also been shown to lengthen time to emergence as well[83]. 

1.5.2 Canonical Sequence of Emergence and Recovery Behaviors in Rats 

The RORR has been used previously in rats to signify the return of consciousness in rats. 

However, RORR is neither the first behavior observed during the emergence process, nor a 

sufficient marker of the recovery from general anesthesia. Behavioral markers signaling the end 

of anesthesia-induced immobility (mastication and limb movement) and the return of normal 

reflexive and autonomic behaviors (blinking and changes in respiration) have been observed 

during the process of emergence. 
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 Following emergence from anesthesia, attempts at ambulation are uncoordinated and 

often unsuccessful. The time to coordinated ambulatory behavior following anesthesia represents 

the return of baseline motor control. In addition, a modified sticky dot test can be used as a test 

of sensory perception and coordinated motor movements following anesthesia. Awake rats with 

intact motor function that have not received anesthesia will routinely remove the sticky dot 

stimulus within seconds of it being adhered to the rat’s forelimb. These behaviors have 

previously been demonstrated in rats to differentiate recovery times between different anesthetic 

reversal agents[87] and emergence times between male and females rats[93]. 

1.6 Cognitive Problems Arising after Surgery 

The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) 

defines delirium primarily as a disturbance in cognition[94], which may variably include changes 

in perception, memory, language, coherent reasoning, and visuospatial processing. There are 

three motoric subtypes of delirium that can present in patients during recovery from anesthesia: a 

hyperactive subtype marked by agitation, a hypoactive subtype marked by lethargy, and a mixed 

subtype featuring aspects of both[95].  No pharmacologic intervention has been proven to be 

effective in prevention or treatment of delirium subtypes following surgery, but risk awareness, 

brain monitoring for titration of anesthetic medications, and post-procedural assessments may 

decrease the incidence and severity[1]. This section briefly discusses important perioperative and 

postoperative cognitive disturbances. 

1.6.1 Emergence Agitation 

 Patients with emergence agitation (EA) experience disorientation and confusion 

specifically during the emergence from anesthesia, which manifests in hyperactivity and 

potentially violent behaviors[96]. EA is most common amongst children, with very young children 
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(between 2-5 years old) at the highest risk for experiencing EA. Surgery type appears to affect 

incidence rates of EA in adults, with EA most commonly reported following ear, nose and throat 

surgeries[97]. While the exact underlying cause of EA is unknown, there has been a noted 

increase in the rates of EA amongst children as sevoflurane and desflurane have been adopted for 

general anesthesia in place of halothane[96, 98]. 

 Accidental self-harm or harm to hospital staff are primary concerns when dealing with 

patients with EA. Hyperactivity and confusion during emergence can cause patients to aggravate 

surgical wounds, self-extubate, remove catheters, or become violent with hospital staff. Restraint 

and/or supplemental sedation are needed in some cases. However, beyond the immediate risk of 

injury due to disorientation there are few known long-term consequences associated with EA[96]. 

Some children experience behavioral regression in the postoperative period known as 

postoperative behavioral change (PBC)[96, 98]. There is a greater frequency of disturbances in 

nighttime behaviors (such as night terrors, bedwetting and sleeping in parent’s bed) amongst 

children with PBC and PBC is also more common following anesthesia with sevoflurane than 

with haloflurane.  

EA is wholly different from PACU delirium or POD and linkages between EA and 

increased risk for later neurocognitive disturbances may not exist (Figure 1.6). The nomenclature 

for EA has historically been inconsistent and made interpretation of previously published data 

difficult. Previous papers have referred to EA as emergence delirium while using inclusion 

criteria that would apparently only be suitable for the hyperactive subtype of delirium. The most 

recent recommendations regarding the standardization of screening processes for postoperative 

neurocognitive changes have determined that a lucid period following anesthesia should not be 

used as a distinction between EA and delirium[99]. This would effectively replace EA as a 
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separate diagnosis or research designation in the future. Instead what is currently referred to as 

EA would be replaced with postoperative delirium without lucidity. However, for interpretation 

of currently published data, presentations of EA are considered continuous with the emergence 

from anesthesia, whereas diagnosis of delirium occurs after emergence from anesthesia.  

 

 

 

Figure 1.6 – Associations between different delirium subtypes.  

PACU delirium is associated with future diagnosis of POD and can be considered 
subtype of POD. The primary determinant of ICU delirium is diagnosis within the ICU. 
Depending on patient factors, POD can synonymous with ICU delirium if patients are 
admitted to the ICU. Emergence agitation is considered separate from delirium. 
Adapted from Safavynia et al. 2018, An update on postoperative delirium: Clinical 
features, neuropathogenesis, and perioperative management[100] with permissions 
through RightsLink. 
 
 
 
1.6.2 PACU Delirium 

 PACU delirium describes a positive delirium diagnosis following surgery on the day of 

the operation. The risk for PACU delirium has been associated with administration of 

perioperative opioids, length of operation, patient age, and high-risk surgery[101]. Little is known 

about the association between PACU delirium and longer-term health effects. PACU delirium 
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can be assessed throughout a patient’s stay in the PACU and for the majority of patients, 

delirium resolves between PACU admittance and discharge[102]. However, diagnosis of PACU 

delirium at the time of discharge is associated with increased rates of POD[101, 103-106]. The 

hyperactive subtype of PACU delirium increases the risk for accidental self-harm in patients or 

harm to hospital staff. PACU delirium has also been associated with longer hospital length of 

stay (LOS) in multiple studies[103, 104], although one study found increased LOS in patients 

displaying only the hypoactive subtype[104]. 

 There are a variety of screening tools currently being used between institutions for PACU 

delirium assessment, which has led to complications in the evaluation of results gathered 

between clinical cohorts. Publications have previously used the Nursing Delirium Screening 

Scale, Confusion Assessment Method for the Intensive Care Unit, Intensive Care Delirium 

Screening Checklist, Delirium Detection Score, Richmond Agitation-Sedation Scale, Riker 

Sedation Scale, and the DSM-IV for PACU delirium diagnosis[101]. These scales differ in their 

consideration of delayed arousal, confusion and/or cognitive impairment in the detection of 

delirium. The Richmond Agitation-Sedation Scale and Riker Sedation Scale may only be 

adequate for detection of the hyperactive or mixed subtypes of delirium as these tools score 

patients on their level of arousal and agitation[101]. Additional diagnosis strategies utilizing qEEG 

analysis during anesthesia maintenance and emergence (covered further in subsection 1.7.4)[107], 

pupillometry[108], and tools for more complete categorization of postoperative arousal and 

cognitive performance[109] have proven useful for detection of PACU delirium. 

1.6.3 Postoperative Delirium 

 Postoperative delirium is delirium diagnosed in the days to weeks following an operation, 

with the varied inclusion criteria typically beginning at postoperative day 1 and extending from 
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postoperative day 5 to as late as day 30. Compared with PACU delirium, there is more robust 

information available about POD risk factors and presentation as well as the long-term health 

problems associated with POD. The majority of POD diagnoses present with either the 

hypoactive or mixed subtypes of delirium. As a result, rates of POD are likely underreported as 

confusion and cognitive impairments in patients with hypoactive delirium can easily be missed 

without proper screening procedures. POD incidence rates can vary widely depending on the 

patient cohorts studied, from 5-70%. Patient age, preexisting cognitive impairments and surgery 

type are all associated with POD, with cardiac and emergency surgeries inferring especially high 

patient risk. POD is also associated with increased hospital length of stay, accelerated cognitive 

decline, and even patient mortality.  

Delirium itself has a complicated and poorly understood pathogenesis, with a number of 

proposed underlying factors including neurotransmitter imbalance, neuroinflammation 

endothelial dysfunction, and impaired aerobic metabolism. As a result, there are currently no 

pharmacological agents that are effective for the treatment of POD. The best current course of 

treatment involves identification of risk factors for POD/PACU-D prior to surgery to reduce the 

likelihood of a missed diagnosis during recovery[100]. Brief cognitive assessments, such as the 

Mini-Cog, can be employed to quickly gauge whether a patient is going into surgery with a pre-

existing cognitive impairment. Guiding perioperative anesthesia maintenance with EEG can 

reduce patient risk for POD, as well as avoiding the use of longer-acting intraoperative opioids. 

When delirium is present postoperatively, there are recommended steps that can be taken in the 

PACU to help reduce recovery time including early mobilization, addressing sensory 

impairments, and avoiding sleep disturbances. 
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Functional imaging and EEG recordings suggest that delirium occurs when cortical 

integration of complex information (CICI) is impaired. Postoperative delirium has been 

associated with slowing of the EEG trace (corresponding with less cortical information), with 

increased d and q power which sometimes does not resolve even after eye-opening[110]. 

Functional imaging studies have shown reductions in directed connectivity during hypoactive 

delirium[110] and increased functional connectivity between brain areas in the default mode 

(DFN) and task positive networks (TPN)[111]. This is important because the posterior cingulate 

cortex (from DFN) and dorsolateral prefrontal cortex (from TPN) are typically anticorrelated in 

awake individuals. The strength of anticorrelation is associated with consistency of performance 

on behavioral tasks[112] and disorders of attention[113].   

1.6.4 Postoperative Cognitive Dysfunction 

POCD is a research designation that describes a change in cognition between a pre-

surgery assessment and follow-up assessment from 1 month to potentially many years following 

surgery. Patient age is the most consistent risk factor for POCD[114]. Longitudinal studies on the 

outcomes of patients with POCD have identified POCD as a risk factor for loss of independence 

and increased mortality[115]. While other risk factors have been identified on a study-by-study 

basis, differences in screening criteria and inclusion criteria (between baseline and follow-up 

assessment) makes the interpretation of conflicting findings difficult. In response to these 

difficulties a change in nomenclature has been suggested from POCD to mild or major 

neurocognitive disorder (NCD)[99]. NCD criteria are outlined in the DSM-5 which is likely to 

standardize future screening methods.  

Studies on the effects of general anesthesia in animals support the idea that exposure to 

anesthetic drugs alone can cause persistent cognitive problems associated with increased 
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neuroinflammation[116-119]. Human studies, including the first and second International Study on 

Postoperative Dysfunction (ISPOCD)[120, 121], found patient age to be the only reliable risk factor 

for POCD at 3 months. The ISPOCD2 group found similar rates of POCD in patients receiving 

general and regional anesthetic for major non-cardiac surgery. These findings seem to support 

the hypothesis that the pathology of POCD is related to the stress of surgery rather than response 

to general anesthetics, however there are a couple caveats to this finding: 1) it is worth noting 

that the regional anesthetic group did receive light sedation with propofol & 2) another cohort 

study on middle aged patients from the ISPOCD2 group found increased POCD with additional 

administration of regional anesthesia[122]. 

There has been doubt expressed about the validity of approaches to studying POCD and 

the potential for the cognitive decline associated with POCD to be better explained by normal 

decline due to aging[123]. These concerns should be addressed by the recent recommendations 

from the Nomenclature Consensus Working Group[99]. Standardization of the cognitive testing 

used for POCD assessment and alignment of POCD diagnosis with the DSM-5 description of 

mild and major neurocognitive disorders should offer more robust and comparable results 

between research groups in the near future.  

1.6.5 Anesthesia Awareness With Recall 

 Anesthesia Awareness With Recall (AWR) occurs when a patient is not sufficiently 

anesthetized and recalls events from surgery. AWR is rare in patients undergoing surgery and 

many reported incidents of AWR are not reported to cause distress[124]. However, some patients 

experience depression or PTSD following AWR and in some cases patients have perceived pain 

during surgery as a result of AWR[125]. Potential clinical scenarios leading to insufficient 

anesthesia include: 1) Equipment malfunction or anesthesiologist error, 2) Inability to detect 
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patient awareness due to the use of muscle relaxants & 3) Patient factors predisposing 

individuals to increased resilience to anesthetic drugs[124].  

While AWR is not associated with a postoperative state of confusion, it is worth 

mentioning because it is a significant cause of preoperative anxiety[126], despite the low incidence 

rate of AWR. Preoperative anxiety is not linked with rates of POD[127] or POCD[128], but it is a 

significant predictor of emergence agitation[129]. Additionally, preoperative anxiety may affect 

baseline cognitive testing which must be performed prior to surgery in the assessment of 

POCD[130]. The timeframe of neurological complications during and after surgery are represented 

in Figure 1.7 below. 

 

 

Figure 1.7 – Timeframe for the presentation of perioperative and postoperative 
cognitive changes.  

Anesthetic awareness (AWR) occurs due to insufficient delivery of anesthesia during 
surgery. AWR is rare, but when it does occur the period of awareness is often transient. 
Emergence agitation (EA) describes a hyperactive emergence from anesthesia. The 
etiology, risk factors and associated health problems ascribed to EA differ from other 
postoperative cognitive changes. Postanesthesia care unit delirium (PACU-D) is a 
delirium diagnosis during recovery on the day of surgery. Postoperative delirium (POD) 
is a delirium diagnosis in the days to weeks following surgery. Persistent declines in 
cognitive performance from a pre-surgery baseline that last months to years 
postoperatively are referred to as Postoperative Cognitive Dysfunction (POCD). 
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1.7 General Anesthesia and Postoperative Cognitive Impairments  

1.7.1 General Anesthetics and Neurotoxicity 

 Current research suggests that general anesthetics are neurotoxic, with two major caveats: 

(1) These effects are most prominent in critical age ranges, namely during early childhood and 

advanced aging & (2) much of the available data comes from rodents and these results have not 

yet been replicated in humans.  

 Anesthetic neurotoxicity is a major concern in pediatric anesthesia. Ketamine, isoflurane 

and a commonly used anesthetic cocktail (midazolam, nitrous oxide & isoflurane) cause 

increased apoptosis and impaired neuronal stem cell proliferation and differentiation in 

developing rats[131-133]. Results have been varied when the long-term behavioral effects of early 

life exposure to anesthesia have been studied in preclinical models. Most studies report the 

presence of neurotoxic processes associated with acute behavioral change, but these differences 

resolve after days or weeks of recovery. However, persistent behavioral differences following 

early life anesthesia exposure have been reported. Duration of exposure, differences in 

anesthetics and selection of rodent strains with more genetic variability have all been 

hypothesized to explain these inconsistent results[134, 135]. Replication of cellular impairments has 

not been possible in human studies, but some cohort studies have shown evidence of learning 

and memory deficits throughout development following pediatric surgery[136, 137]. However, the 

results of these studies do not specifically implicate general anesthesia in the development of 

cognitive deficits. Other surgical factors and health status prior pediatric surgery may be equally 

likely to explain later decreases in learning and memory performance. 

 In aged populations, concern regarding neurotoxicity has focused on the potential for 

anesthetic drugs to stimulate production of proteins related to AD pathology. Increased amyloid-
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b aggregation has been observed following 2-hours of isoflurane exposure[138]. This same 

experiment also noted an increase in activation of caspase 3, which could indicate increased 

apoptotic signaling. Similar results have been shown following isoflurane exposure in naive 

human H4 neuroglioma cells as well as those overexpressing APP[139]. Disruptions in Ca2+ 

homeostasis following isoflurane exposure have been demonstrated in cell culture and could be a 

potential mechanism for isoflurane induced neuron death[140]. In aged humans, neuronal death 

following anesthetic exposure may be of greater concern, due to age-related decreases in neuron 

numbers and a slowing of neurogenesis in areas like hippocampus. 

1.7.2 General Anesthetics and Neuroinflammation 

 Inflammation is a natural response at the site of surgery. In healthy patients that are 

resilient to the stimulus of surgery, the inflammatory response is likely acute, mostly peripheral 

and a non-factor in cognitive recovery from surgery. However, neuroinflammation following 

surgery with anesthesia has been associated with increased risk for POD, POCD and increased 

neuronal damage in AD. The hypothesized mechanisms for neurological and cognitive insults 

due to neuroinflammation converge on a similar sequence of events[114, 141, 142]: 

1) Acute peripheral inflammation is caused by the noxious surgical stimuli 

2) There is an increase in pro-inflammatory cytokines in response to inflammation near 

the surgery site 

3) Pro-inflammatory cytokines disrupt the blood brain barrier (BBB) increasing 

permeability 

4) Microglia are activated in response to cytokines released by bone marrow derived 

monocytes (BMDM) which cross the more permeable BBB 
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5) Activated microglia can disrupt neurotransmitter systems through cytokine release 

and damage neurons through release of reactive oxygen species or stimulation of 

glutamate neurotoxicity 

6) Activated microglia also activate more microglia and recruit more BMDMs via 

release of cytokines 

This mechanism can further be potentiated by a few additional factors. Risk of POD, POCD and 

AD increases with age. Age is also associated with increased BBB permeability making the 

transition from peripheral inflammatory signaling to neuroinflammation more likely. In addition, 

chronic increases in neuroinflammation are likely in patients with AD. While there has not been 

much direct association demonstrated between anesthetic agents and neuroinflammation, 

anesthetic dose can have profound effects on BBB permeability[143, 144]. Research on this effect 

has thus far been confined to volatile anesthetics, but BBB permeability increases throughout 

cortex and thalamus at isoflurane concentrations associated with high burst suppression ratios. 

The decreased sensitivity to anesthetics seen during normal aging may make anesthetic-induced 

permeability of BBB an even greater concern.  

1.7.3 General Anesthetics and Neurophysiology 

 Guidance of anesthesia using raw EEG or index values based on qEEG information has 

been effective for reducing AWR, rates of POD, and the amount of anesthesia delivered during 

surgery[145-153]. Some studies have also demonstrated effectiveness at reducing risk of POCD 

when BIS monitors are used to guide surgical anesthesia, but results are less consistent. 

Quantitative EEG analysis during maintenance and emergence from anesthesia can be used to 

identify risk for postoperative pain[154] or the development of PACU delirium[107]. Spectral 

features of the EEG can be used to classify different “patterns” of EEG, similar to the EEG 
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classifications of sleep stages[154] (Figure 1.8). During anesthesia, EEG voltage recordings are 

dominated by higher amplitude, lower frequency changes than seen during wakefulness. General 

patterns in anesthesia can be separated using relative power in delta (0.5-4 Hz) and alpha (8-14 

Hz) frequency bands. Increases in alpha frequency during unconsciousness are also seen in sleep 

spindles present in Stage 2 NREM sleep. Spindle production is associated with greater sleep 

stability during Stage 2 & 3 NREM sleep and increased threshold from arousal from sleep[155].  

 

 
 

Figure 1.8 – Patterns of EEG during end maintenance of sevoflurane anesthesia 
as determined by features from the EEG power spectrum.  

Panels in the left column display spectrograms depicting the relative EEG power across 
slow-wave frequency bands. The right column depicts 10 seconds of the raw EEG time 
series corresponding with each anesthesia EEG pattern. Delta dominant slow wave 
anesthesia (ddSWA) occurs when the relative delta power (0.5-4 Hz) is higher than 
alpha-spindle power (8-14 Hz). Spindle dominant slow wave anesthesia (sdSWA) 
occurs when relative alpha power is higher than delta power. Non-slow wave 
anesthesia is seen rarely and occurs when power is low in both the delta and alpha 
frequency bands. Adapted from Chander et al. 2014, Electroencephalographic Variation 
during End Maintenance and Emergence from Surgical Anesthesia[154], made available 
under a Creative Commons CC0 public domain dedication.  
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Anesthesia emergences that mimic the natural waking from sleep (NREM to REM to 

wake) are associated with lower incidence rates for postoperative pain. In these patients, 

emergence from anesthesia features EEG transitions from patterns with high power in slow wave 

frequency bands (both delta dominated patterns or spindle dominated patterns), to non-slow 

wave anesthesia and finally to wake. Emergence with transitions straight from slow wave 

anesthesia to waking were associated with the most postoperative pain, and mimic arousal 

patterns from sleep that are associated with parasomnias[156, 157]. When similar analysis of EEG 

emergence trajectories was applied to a large cohort of surgical patients, emergence trajectories 

lacking spindle dominant patterns were associated with increased risk for PACU delirium 

(Figure 1.9). This same analysis found episodes of burst suppression during maintenance of 

anesthesia to be an independent risk factor for PACU delirium and unassociated with emergence 

trajectories. 

 

 

 
 

Figure 1.9 – Different emergence trajectories from surgical anesthesia are 
associated with increased risk for PACU delirium.  

Emergence trajectory 1 was associated with the lowest risk for PACU delirium. This 
trajectory included a transition from delta dominant (ddSWA) to spindle dominant slow 
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wave anesthesia (sdSWA) followed by non-slow wave anesthesia (nSWA) before 
reaching wakefulness. Trajectories 2 and 6 featuring sdSWA before waking feature the 
next lowest odds ratio for PACU delirium. Trajectories 3 and 4 feature ddSWA but not 
sdSWA and are at higher risk for PACU delirium. The highest odds ratio for PACU 
delirium was seen in trajectory 5, nSWA to wake. Adapted from Hesse et al. 2019, 
Association of electroencephalogram trajectories during emergence from anaesthesia 
with delirium in the postanaesthesia care unit: an early sign of postoperative 
complications[107] with permissions through RightsLink. 

 
 

The appearance of burst suppression during anesthesia is not necessarily associated with 

decreased cognitive performance in young, healthy participants[158]. However, the appearance of 

burst suppression during surgery has been associated with increased rates of POD in large 

clinical studies[148, 159] and also associated with increased risk for PACU delirium[107]. During 

normal aging, there is an average decrease in the mass of white and grey matter present in the 

brain which subsequently leads to a decrease in the average EEG power. Normal aging is also 

associated with a decreased sensitivity to anesthetic drugs, meaning aged patients can exhibit 

burst suppression at lower anesthetic concentrations. Burst suppression varies in its detection by 

processed EEG monitors. There is little correlation between BIS monitor values and the burst 

suppression ratio until suppression ratios are above 40%[160]. This correlates with BIS readings of 

0-30. BIS-guided titration of anesthesia usually recommends surgical anesthesia be administered 

to maintain patients between values of 40-60. BIS-guidance of anesthesia has shown success 

improving cognitive outcomes following surgery, however it is worth noting that using BIS 

alone will likely lead to false negatives in reporting of burst suppression patterns with 

suppression ratios below 40%. Many devices simultaneously display the raw EEG waveform and 

may be of benefit beyond the dimensionless index displayed by intraoperative consciousness 

monitors.  
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1.9 Gap in Knowledge 

A large proportion of the inpatient and outpatient surgeries occur in patients over the age 

of 65, even though this age group only represents 15% of the US population[161].  In 2010, 

approximately 40% of inpatient surgeries and 33% of outpatient surgeries were performed in 

patients over 65[162].  These numbers have increased since 2006 (35.3% and 32.2%, respectively) 

and are expected to continue to increase as average age of the US population increases. 

 As the average US surgery patient gets older, it will become more and more important to 

understand the impact that diseases associated with aging will have on surgical outcomes. Two 

diseases in particular, Alzheimer’s Disease (AD) and Type 2 Diabetes Mellitus (T2D), are both 

of particular importance when considering the risk of perioperative neurocognitive disorders. 

Disease risk increases with age for both AD and T2D, and as a result the number of surgery 

patients with AD and T2D will increase in the future. Both diseases have also previously been 

demonstrated to increase the risk for diagnosis of perioperative neurocognitive disorders. Given 

the lack of clinical studies on the effects of surgery and general anesthesia on patients with AD 

and T2D specifically, it is important that alternative approaches are used to investigate why these 

conditions increase the risk for postoperative cognitive problems. Recent studies, such as those 

published by Hesse et al. 2019, have demonstrated clear associations between altered emergence 

and recovery from anesthesia with the later appearance of postoperative delirium[107]. With this 

in mind, the present work was undertaken to characterize the emergence and recovery from 

anesthesia in rodent models of AD and T2D.   
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1.10 Thesis Outline 

Chapter 1 has introduced much of the history of anesthesia, as well as the study and practical 

considerations of the use of general anesthetics in surgery.  While all research in the use of 

anesthetics seeks to better understand and guide their use in humans, it can often be technically 

challenging or impossible to use humans as a model for research.  Preclinical models can be an 

important tool for validating and testing hypotheses on the mechanisms underlying the effects of 

anesthetic drugs.  Chapter 2 will focus on AD-like disease progression in the TgF344-AD rat 

model.  This model has great potential value in helping to understanding how neurodegenerative 

processes can affect the brain's response to anesthetic drugs.  Chapter 3 details the results of our 

experiments on the emergence and recovery from general anesthetics in TgF344-AD rats.  

Chapter 4 will investigate exercise as a potential strategy for improving recovery from 

anesthesia in a rodent model with a potential for impaired recovery, the Goto-Kakizaki model of 

type 2 diabetes. Chapter 5 discusses the findings of these experiments within the context of 

what is currently known about the field and suggests potential avenues for future investigation. 

Extended methods for data analysis are included in the Appendix in Chapter 6. 
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Chapter 2 - Angiotensin Receptor Blockers as a Mediator of AD-like Cognitive Dysfunction 

in the TgF344-AD Rat Model 

Adapted From: Candesartan treatment preserves learning and working memory performance in 
the TgF344-AD rat. Christopher G. Sinon, Jing Ma, Xiancong Zhang, Peter-Jon C. Williams, 
Paul S. Garcia, Roy L. Sutliff, Ihab M. Hajjar. In Prep. 
 
2.1 Abstract   

With increasing ability to identify the prodromal and early stages of Alzheimer’s disease 

(AD) in humans, there are new opportunities to develop treatment strategies that will slow or halt 

the presentation of clinical AD. AD, cardiovascular disease and vascular dementia share many 

common risk factors and there is evidence of widespread vascular dysfunction as part of AD. AD 

progression was monitored via behavioral assays (spontaneous alternation test, novel object 

recognition, water radial arm maze) and through the quantification of neuropathology in 12 and 

18 month rat brains. At 12 months, TgF344-AD rats display brain pathology consistent with the 

early phase of AD. There is a significant increase in both amyloid-b and GFAP consistent with 

age-dependent progression of disease. At 12 months, there were no observed behavioral 

differences between wild type and TgF344-AD rats. There was a significant increase in amyloid-

b accumulation between 12 and 18 months in the TgF344-AD rat, regardless of drug treatment. 

At 18 months, TgF344-AD rats displayed impairments in learning and an increase in 

perseverative working memory errors on the water radial arm maze. Our results demonstrate the 

progression of neuropathology and cognitive disturbances in the early disease phase in the 

TgF344-AD rat. 
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2.2 Introduction 

Alzheimer’s disease (AD), the most common cause of dementia, has an extended 

prodromal phase lasting decades before clinical phase of the disease[163]. There is currently no 

known cure for AD and the available treatment options offer only symptomatic relief without 

altering the progression of the disease[164, 165]. Recent advances using MRI, PET scan, and 

biochemical analysis of cerebrospinal fluid[166, 167] to identify biomarkers for the initial stages of 

AD in humans have made it possible to focus on treatment strategies designed to slow or ideally 

halt the disease in the early progression. This chapter contains the results of experiments treating 

a transgenic rat model of AD with angiotensin receptor blockers (ARBs). Vascular dysfunction 

has been identified as an early event[168], possibly the first event[169], in the progression of AD 

pathology. ARBs are currently prescribed as a treatment for other conditions with symptoms of 

vascular dysfunction, such as cardiovascular disease, and we investigated the potential for ARBs 

to improve disease symptoms in AD-like rats. 

2.2.1 The Amyloid Cascade Hypothesis of Alzheimer’s Disease 

The amyloid cascade hypothesis proposes that the cleavage of amyloid precursor protein 

into amyloid-b, followed by the subsequent aggregation of amyloid-b into destructive 

extracellular plaques, is the primary cause of AD disease progression[170, 171]. Amyloid-b is 

produced following cleavage of the transmembrane protein amyloid precursor protein (APP) by 

beta-secretase and gamma-secretase[172].  It is unclear exactly what role APP or amyloid-b play 

in a normally functioning neuron, but an imbalance between the production and clearance of 

amyloid-b can lead to pathologic accumulation that likely play a causative role in AD[173]. In the 

1992 Hardy & Higgins presentation of the amyloid cascade hypothesis[171], amyloid-b’s presence 

in the brain increases the vulnerability of neurons to excitotoxic damage[174-176] and increases 
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intraneuronal calcium concentrations, which could be a causative event for formation of 

neurofibrillary tangles from tau protein[177, 178]. This model explains the pathological hallmarks of 

AD (amyloid plaques, neurofibrillary tangles, and neuronal cell death).  

Much of the evidence supporting this method of disease progression, as well as those 

reviewed in other foundational papers for the amyloid cascade hypothesis[179, 180], rely on genetic 

data gathered from patients and models of familial AD. Familial AD is a rare form of AD linked 

to mutations in three genes related to the synthesis of amyloid-b[181]. In healthy young adults the 

rate of amyloid-b clearance (8.3%/hr) measured in CSF appears to outpace amyloid-b production 

(7.6%/hr)[182], but a separate study enrolling a small number of participants over age 60 found 

decreased clearance of amyloid-b in participants with AD, while amyloid-b production rates 

were similar between participating controls and those with AD[173]. While research on the 

progression of familial AD has been extremely beneficial for our overall understanding of the 

disease, there is still much debate about the pathogenesis for the sporadic form of AD[183].  

2.2.2 The Vascular Hypothesis of Alzheimer’s Disease 

Longitudinal studies have identified many risk factors for the development of the 

sporadic form of AD. Among these, cardiovascular risk factors are common, including 

hypertension and obesity[184, 185]. Greater than half of all patients with AD also show deposition 

of amyloid-b into the walls of blood vessels in the central nervous system, a condition known as 

cerebral amyloid angiopathy. Some estimates state that these conditions are comorbid in 90% of 

AD patients[186]. Small vessel disease is also a risk factor for AD, and disease risk increases 

along with increasing severity of atherosclerosis and arteriolosclerosis[187]. Furthermore, genetic 

risk factors have been identified that increase the likelihood of AD. Among these APOE4 and 

TREM2 confer some of the highest risk for AD[188-190]. The exact role of these genes in sporadic 
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AD is unclear, but expression of both genes has been shown in decrease clearance of amyloid-b. 

Taken together, these examples hint towards a common pathway for amyloid-b accumulation in 

the brain via degradation of pathways for clearance. 

The “vascular hypothesis” of AD is an alternative model for disease progression, 

suggesting that the development of vascular dysfunction may be an important accelerant of 

disease progression in AD, and potentially a cause of amyloid-b aggregation[191, 192]. The model 

as proposed by De la Torre in 1994 focuses on the consistent finding that cerebral capillaries in 

AD display amyloid deposits and thickening of the basement membrane (amyloid 

angiopathy)[193]. These two disturbances can reduce cerebral blood flow and impair the delivery 

of oxygen and glucose to neurons. One of the primary routes of clearance of amyloid-b from the 

brain is cellular transport across the blood brain barrier[194]. However if there is a breakdown in 

the vasculature of the brain, such as damage to the blood brain barrier, cardiovascular disease, or 

deposition of amyloid into the blood vessels, this can cause poor clearance of amyloid-b and 

result in aggregation of amyloid plaques[165]. 

2.2.3 The Renin Angiotensin System as a Therapeutic Target in Early Alzheimer’s Disease 

The renin angiotensin system (RAS) regulates vascular resistance[195]. When blood 

pressure decreases, renin is released by the kidney. Renin cleaves circulating angiotensinogen 

into angiotensin I, which is then subsequently converted into angiotensin II. Binding of 

angiotensin II to angiotensin II receptor subtype 1 (AT1) causes vasoconstriction and when AT1 

receptors are chronically activated endothelial dysfunction and oxidative stress can occur[196]. 

Angiotensin II also increases amyloid-b production by stimulating the processing of APP and 

increasing g-secretase activity[197]. However, blocking angiotensin II’s ability to bind to AT1 

receptors with angiotensin receptor blockers stops these disease promoting effects in 
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cardiovascular conditions. Therapeutic strategies directed towards RAS may address many of the 

disease pathways proposed by the vascular hypothesis of AD.  

2.2.4 Candesartan, An Angiotensin Receptor Blocker (ARB) 

 In 2002, Hardy and Selkoe published an update to the amyloid cascade hypothesis in 

Science. In it, they describe six potential therapeutic targets for the treatment of Alzheimer’s 

disease based on updated models for disease pathology[198]. Two are of potential interest for 

these experiments: 

(1) The enhancement of clearance of amyloid-b from the cerebral cortex. 

(2) Treatment of the inflammatory response to the presence of amyloid-b in the cerebral 

cortex 

Candesartan offers the potential of a drug treatment for both targets. Candesartan is an 

angiotensin receptor blocker acting on AT1, blocking vasoconstriction mediated by angiotensin 

II and causing vasodilation and reduction in blood pressure[13]. Candesartan can cross the blood 

brain barrier[199] and also has potent anti-inflammatory effects, which have been demonstrated 

both peripherally[200] and in the mediation of inflammatory responses in the brain[199, 201, 202]. The 

FDA has approved Candesartan for use in humans, in the treatment of hypertension and heart 

failure[203]. Analysis from available AD patient cohorts suggest that patients using ARBs 

specifically, as opposed to other hypertensive drugs, experienced slower progression of the 

disease, as measured by both cognitive symptoms and amount of amyloid deposition[204, 205]. 

These results suggest that candesartan may be a promising treatment option in the early 

progression of AD. 
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2.2.5 The TgF344-AD Rat Model 

The TgF344-AD rat presents a unique preclinical model for the study of the early stages 

of AD. The model expresses two genes linked to familial Alzheimer’s disease, mutant human 

APPSW and PS1DE9, and progressive neurodegeneration that recapitulates human AD-like 

disease hallmarks[206]. These rats display amyloid plaques, hyperphosphorylated tau, 

neurofibrillary tangles, neuroinflammation, neuronal loss and behavioral deficits with a 

stereotyped progression across the lifetime of the rat. Amyloid begins to accumulate in the Tg-

F344AD rat by 6 months and consistently increases through age 15 months. At this age, 

cognitive symptoms and tauopathies are both present[206, 207]. 

2.2.6 Summary 

 This chapter contains the results from our characterization of cognitive performance and 

pathology in the TgF344-AD aged to 12 months. At this developmental period, there are 

significant increases in amyloid deposition in the brain, but cognitive symptoms of AD have not 

been fully detailed. These results will provide a baseline with which to compare the effects of 

anesthesia in a rodent model of the early stage of AD. Chapter 3 will investigate the effects of 

anesthesia on TgF344-AD rats aged to 12 months. Also included in this chapter are the results of 

6 months of daily candesartan administration on cognitive performance, pathology and vascular 

function in TgF344-AD rats aged to 18 months. Candesartan is hypothesized to increase the 

clearance of amyloid-b by sustaining proper vascular function during disease progression. AD is 

associated with vascular changes due to amyloidosis of the vessels in the brain and due to an 

association with overall poor vascular health. These results provide some insight into 

cerebrovascular function in the TgF344-AD rat model. 
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2.3 Experimental Design and Hypotheses 

The goal of the present study was to utilize the TgF344-AD rat to study the effects of vascular 

dysfunction in the early phase of AD-like neurodegeneration.  Cognitive testing consisting of the 

continuous spontaneous alternation test and novel object recognition test were performed in the 

week before rats turned 12 months of age. The continuous spontaneous alternation test is used as 

an assessment of spatial working memory and locomotor activity[208]. This test involves the rat 

freely exploring a Y-maze for 8 minutes while the investigator tracks the pattern of arm entries. 

Rodent models of AD have previously been shown to show a decrease in alternation 

behaviors[209] and the loss of spontaneous alternation in rodents has also been linked with 

hippocampal damage[210]. Novel Object Recognition is a test of recognition memory[211]. With 

short intertrial intervals between training sessions and testing sessions, recognition of the novel 

object is thought to rely on functioning of the hippocampus and perirhinal cortex[212]. 

We administered the angiotensin receptor blocker, Candesartan, an angiotensin II type 1 

receptor antagonist, to regulate activation of the RAS in TgF344-AD rats during a critical early 

period in progression of the rodent form of AD. The timeline of behavioral experiments and drug 

administration is presented in Figure 2.1. Water Radial Arm Maze was performed at 17.5 months 

for a total of 12 days to assess learning and spatial working memory. Blood pressure 

measurements were taken from all rats receiving vehicle and candesartan at the age of 18 

months. All rats were then sacrificed with brains collected for quantification of AD-like 

pathology. 
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Figure 2.1 – Timeline of behavioral experiments.  

SAT and NOR were performed in the days before the start of candesartan (or vehicle) 
treatment. Drug (or vehicle) treatment continued daily until the rats were aged 18 
months. Rats in all experimental groups were tested on the WRAM for 12 total days 
starting when the rats were aged 17.5 months. 
 

We hypothesized that treatment with an ARB (candesartan) during the early progression 

of AD would alleviate AD-disease pathology and rescue behavioral deficits in the transgenic 

rats. We expected to see a decrease in levels of amyloid-b and a marker of astrocyte activation 

(glial fibrillary acidic protein or GFAP) throughout the brain and specifically within 

hippocampus in TgF344-AD rats after ARB treatment. We also expected to see improvement in 

learning and working memory performance for the TgF344-AD rats receiving candesartan on the 

WRAM at 18-months.  

2.4 Methods 

2.4.1 Animals 

All experiments were conducted at the Atlanta VA Health Care System Animal Facility 

using rats bred from an established colony of TgF344-AD rats. Transgenic rats and wild type 

littermates were used for data collection. The rats were housed in 12-hour light cycles with ad 

libitum access to rodent chow and water. All studies were approved by the Atlanta VA 

Institutional Animal Care and Use Committee. 
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2.4.2 Continuous Spontaneous Alternation Behavior Test 

The Continuous Spontaneous Alternation Test was performed within a Y-maze. Rodents 

introduced to a Y-maze display a tendency to alternate arm entries during maze exploration. This 

tendency towards alternation is thought to result from a preference towards investigation of new 

environments, and the SAT takes advantage of this behavior as an assessment of spatial working 

memory[213]. Rats were allowed to freely explore the Y-maze (San Diego Instruments, San Diego, 

CA, USA) with all three arms open for 8 minutes. Testing was performed between 12:00-3:00PM 

during the light phase. If at any time the rat remained stationary for >60 seconds during the session, 

movement was motivated by briefly grasping and releasing the rat from the base of the tail. The 

number of arm entries and the path of arm exploration were determined by a blinded observer. 

A successful alternation was scored when the rat completed three consecutive arm entries 

via turns in the same direction. Alternation percentage was determined using the following 

equation[214]: 

Equation 1: 

𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛	𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
#	𝑜𝑓	𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙	#	𝑜𝑓	𝐴𝑟𝑚	𝐸𝑛𝑡𝑟𝑖𝑒𝑠 − 2 ∗ 100 

2.4.3 Novel Object Recognition Test 

Following completion of the Y-maze, rats were tested for attention and working memory 

performance using the novel object recognition test. Testing was performed between 9:00AM-

12PM during the light phase. On the first day, rats were allowed to freely explore a high-walled 

open field arena for 15 minutes to acclimate to the testing environment.  On the second day, rats 

were given another 15 minutes to acclimate to the testing environment.  Following a 30-minute 

break, rats began the training phase of the novel object recognition test.  Two identical non-

odorous plastic toys (A1 & A2) were affixed with one on each end of the testing environment.   
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Rats were placed into the center of the environment and given seven minutes to explore the 

testing environment during the training phase.  Rats were then returned to their transfer cage for 

a 5-minute inter-trial interval.  The choice phase was completed using a third identical plastic toy 

(A3) and new non-identical plastic toy (B).  Each phase was recorded by an overhead video 

camera and the behavioral data was autoscored using Ethovision XT11.5 software (Noldus 

Information Technology, Wageningen, The Netherlands).  For each rat, the time spent on each 

side of the environment and the time spent exploring each object, measured as the amount of 

time each rat’s nose entered a 2.5-cm radius of the object, was recorded for each session. 

The novel object observation time (TN) and the familiar object observation time (TF) were 

recorded. The discrimination index for the testing phase was calculated by (TN-TF)/(TN+TF). 

Animals were excluded if they did not cross the midpoint of the arena during any of the phases. 

Animals were also excluded if they spent more than 80% of total object observation time with 

either object during the training phase. 

2.4.4 ARB Treatment 

From 12 to 18 months of age, all rats on study were treated daily with either the 

angiotensin receptor II blocker, candesartan, or vehicle (saline). ARB treatment experimental 

groups were presented with 5 mg/kg of candesartan in the morning between 10:00AM-12:00PM. 

Peanut oil proved to be an effective method of daily oral administration for the ARB treatment. 

All rats on study consistently consumed all of the peanut oil they were offered, regardless of 

whether it contained candesartan or vehicle. Rats treated with this ARB for one week had no 

pressor response to an Angiotensin II infusion (data not shown). 



51 
 

2.4.5 Water Radial Arm Maze 

The Water Radial Arm Maze (WRAM) consists of eight evenly spaced arms radiating out 

from a central area. Our protocol for use of the WRAM was adapted from [215]. The maze was 

filled with opaque water to hide the presence of four escape platforms at the ends of specific 

maze arms.  Unique room cues were placed on the walls around the maze.  

At ~17.5 months of age, rats were trained to complete the WRAM for 12 consecutive days.  Each 

training session consisted of four trials which were completed when the rat found an escape 

platform. Before the first session, each rat was randomly assigned escape platform placements 

that could be navigated using the cues surrounding the maze and which stayed consistent for all 

12 sessions.  

Upon finding an escape platform, the rat was allowed to remain on the escape platform 

for 15 seconds and then placed in a cage under a heat lamp for a 30-second intertrial interval.  

The discovered platform was removed from the maze after each trial.  On any trial, if the rat 

failed to escape the maze within 120-seconds, they were guided to the nearest platform to 

complete the trial.  Therefore, each rat interacted with all four escape platforms during each 

training session.  For each trial, the latency to find an escape platform and the pattern of arm 

entries during maze exploration was manually scored by an experimenter blinded to each rat’s 

experimental group assignment.  Testing was performed between 10:00AM-2:00PM during the 

dark phase. 

2.4.6 Blood Pressure Readings 

Blood pressure measurements were obtained from the femoral artery at 12 months and 18 

months of age in the presence and absence of candesartan treatment. Briefly, rats were 

anesthetized with isoflurane while maintaining a 37 degrees C body temperature on a 
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thermostatic heating table. The hindlimb region was shaved and disinfected, an incision was 

made and the vessel was isolated using blunt dissection, avoiding damaging nerve fibers. The 

isolated artery was tied distally, and a second suture was looped around the vessel proximal to 

where the cannula will be inserted.  A trocar needle was used to puncture the vessel and a high-

fidelity catheter (Transonic Systems) was inserted into the vessel.  Blood pressure was monitored 

for 15-20 minutes.   

2.4.7 Tissue Collection 

Rats were deeply anesthetized using isoflurane for tissue collection. Cardiac perfusion 

was performed using ice cold phosphate buffered saline. Rat brains were rapidly extracted and 

bisected into hemispheres. The hemisphere used for immunochemistry was fixed in 4% 

paraformaldehyde and then transferred to a phosphate buffered saline storage solution containing 

0.01% sodium azide. The hemisphere used for proteomics analysis was flash frozen in liquid 

nitrogen and stored at -80°C. 

2.4.8 Tissue Sectioning and Immunohistochemistry 

Brain tissue sections were embedded in parrafin and sliced at 8 microns. Sections were 

deparaffinized and immunohistochemically labeled with antibodies to amyloid-β (4G8) and 

astrocyte activity (GFAP) on a ThermoFisher autostainer. Amyloid-β sections were pretreated 

with formic acid, blocked with normal serum, and incubated with primary antibody at 1:10,000, 

then exposed to biotinylated secondary antibody followed by avidin-biotin complex (Vector 

ABC Elite kit) and developed with diaminobenzidine (DAB). GFAP sections incubated with 

primary antibody (anti-GFAP, Dako, Santa Clara, USA) at 1:5000, then exposed to primary 

antibody enhancer followed by HRP polymer (ThermoScientific UltraVision LP Detection 

System) and developed with diaminobenzidine (DAB).  
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2.4.9 Quantification of Immunohistochemistry 

High resolution digital scans of stained brain slices were analyzed using Qupath 

software[216].  Positive pixel count analysis was performed on slices stained with 4g8 for 

amyloid-β and GFAP for astrocyte activity.  Positive pixel percentage, a measure of the ratio of 

positively stained pixels to total number of image pixels, was recorded to quantify markers for 

AD-like pathology in rat brain tissue. Expanded methods for image analysis are detailed in 

Appendix 1. 

2.4.10 Statistical Analysis 
 

Statistical testing was performed using Prism 7.0 (GraphPad Software, San Diego, CA, 

USA) and IBM SPSS Statistics V26 (IBM Corporation, Armonk, NY, USA). A sample size of 

10 rats per group was justified based off of preliminary data collected in the 3xTgAD mouse 

model. Preliminary data in this model showed a 29% decline in amyloid-b accumulation. Power 

analysis in G*Power 3.1.9.4 with a=0.05, b=0.80 and an anticipated effect size of 0.8 was 

adequate to detect a minimal effect of candesartan of 11%. All datasets were tested for normality 

using the Shapiro-Wilk test. Tests for normality perform poorly with sample sizes comparable to 

those used in these experiments, so we compared the Shapiro-Wilk test results against visual 

inspection of the data distributions in the selection of non-parametric vs. parametric tests. 

Neuropathology data were analyzed with Student’s t-test with Welch’s correction or Two-way 

ANOVA with Sidak’s test for multiple comparisons. One-way ANOVA was used to analyze 

changes in neuropathology between 12 and 18 months of age. Student’s t-test for independent 

samples was used for analysis of data from the continuous spontaneous alternation test. For the 

NOR, the 95% confidence interval was computed for each group. We determined that each group 

recognized the novel object if the 95% confidence interval did not cross the line at DI=0.0 
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(signifying performance at the level of chance). MAP data was analyzed by One-way ANOVA. 

WRAM data was analyzed using Two-way ANOVA with Sidak’s test for multiple comparisons.  

Planned contrasts to analyze drug effects on learning and memory performance were analyzed 

using Sidak’s test for multiple comparisons. 

2.5 Results 

2.5.1 Amyloid-b and GFAP are increased in the hippocampus of 12-month old TgF344-AD rats 

Coronal slices taken from approximately -2.5mm posterior from bregma were used to 

quantify amyloid-b and GFAP staining at the level of the dorsal hippocampus (Figure 2.2A-D). 

At 12-months old, there were significant increases in amyloid-b throughout the brain slices that 

were collected to quantify AD-like pathology. Image analysis revealed that there were 

significantly more pixels that were positive for amyloid-b staining in the hemisphere slices taken 

from TgF344-AD rats than from WT rats (Student’s t-test with Welch’s correction, p<0.001, 

Figure 2.2E). Additionally, there was an increase in GFAP staining across the brain slices 

collected from TgF344-AD rats when compared with WT rats (Student’s t-test with Welch’s 

correction, p<0.013, Figure 2.2I). Similar results were found when quantification was focused on 

the region of dorsal hippocampus specifically. Both amyloid-b (p<0.001, Figure 2.2G) and 

GFAP (p=0.004, Figure 2.2K) staining was increased in the dorsal hippocampus of TgF344-AD 

rats. 
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Figure 2.2 – Changes in neuropathology at 12-months for TgF344-AD rats. 

At 12-months there are significant differences in amyloid-b and GFAP compared with 
WT rats. Significance level is denoted as *** for p<0.001, ** for p<0.01, and * for p<0.05. 
A-D) Examples of stained brain slices used for quantification of amyloid-b and GFAP. 
DAB staining for amyloid-b and GFAP appears brown on the slides. E-H) TgF344-AD 
rats display increased accumulation of amyloid-b throughout the entire slide and 
localized specifically to hippocampus at 12 months (Student’s t-test with Welch’s 
correction, p<0.001 for all). I-J) There was a general increase in GFAP throughout the 
hippocampal formation of TgF344-AD rats at 12 rats. K) However, only the dorsal 
hippocampus displayed an increase in GFAP over the WT (Student’s t-test with Welch’s 
correction, p=0.004). There was no difference seen between strains in the amount of 
GFAP present in ventral hippocampus. 
 

Quantification of amyloid-b and GFAP was also completed in coronal slices made at the 

level of ventral hippocampus, approximately -5.0mm posterior from bregma. Amyloid-b was 

found to be significantly increased in TgF344-AD rats across the slice (p<0.001, Figure 2.2F) 

and within ventral hippocampus specifically (p<0.001, Figure 2.2H). However, while GFAP was 

increased for TgF344-AD rats across the slice (p=0.012, Figure 2.2J), there was no differences in 

staining for GFAP within the ventral hippocampus of WT and TgF344-AD rats (p=0.798, Figure 

2.2L). 
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2.5.2 No differences in Continuous Spontaneous Alternation Test performance or Novel Object 

Recognition at 12-months in TgF344-AD or WT rats 

There were no observed differences in spatial working memory between 12 month old 

WT or TgF344-AD rats on the continuous spontaneous alternation test. Spontaneous alternation 

percentage within the Y-maze did not differ between strains (Student’s t-test, p=0.908, ns, Figure 

2.3A). There was also no difference seen in the number of arm entries observed during maze 

exploration (Student’s t-test, p=0.681, ns, Figure 2.3B). 

 

Figure 2.3 – No difference in spontaneous alternation test performance between 
TgF344-AD rats and WT littermates at age 12 months.   

A) There was no difference in alternation behavior observed between TgF344-AD (n = 
34) and WT (n = 29) rats (Student’s t-test, p=0.908).  B) There was no difference in the 
number of arm entries made during maze exploration between TgF344-AD (n = 34) and 
WT (n = 29) rats (Student’s t-test, p=0.681). 

 

Both WT and TgF344-AD rats were able to recognize the novel object during testing 

sessions performed at 12-months of age. Results are presented as the calculated group mean for 
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the discrimination index, with error bars representing the 95% confidence interval of the mean. A 

discrimination index equal to 0 represents performance at chance for recognition of the novel 

object. Both WT (DI range = 0.119-0.650) and TgF344-AD (DI range = 0.057-0.693) rats were 

able to discriminate the novel from the familiar object during the testing phase (Figure 2.4). 

 

Figure 2.4 – No difference in Novel Object Recognition test performance between 
TgF344-AD and WT littermates at age 12 months. 

Both TgF344-AD (N=13) and WT rats (N=18) can discriminate the novel object from a 
familiar object during the testing phase of the novel object recognition test.  Results are 
shown as a mean with shaded regions representing the 95% confidence interval.  The 
95% confidence interval for the discrimination index of both WT (DI range = 0.119-
0.650) and TgF344-AD (DI range = 0.057-0.693) rats are do not cross DI=0.0. Asterisk 
(*) denotes significant difference from performance at the level of chance [DI=0.0].  
Therefore, both groups demonstrated preference for the novel object. 
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2.5.3 Candesartan decreases mean arterial pressure for both WT and TgF344-AD rats 

Following six months of daily treatment with candesartan or vehicle, there was a main 

effect of drug treatment on median arterial pressure (Figure 2.5). Rats receiving regular doses of 

an ARB displayed a decrease in the recorded mean arterial pressure when compared with the rats 

receiving vehicle. The effect of candesartan to decrease mean arterial pressure was no different 

between WT and TgF344-AD rats.  

 

Figure 2.5 – Candesartan decreases mean arterial pressure for both WT and 
TgF344-AD rats.  

Following six months of daily treatment with candesartan or vehicle, there was a main 
effect of drug treatment on mean arterial pressure. Candesartan effects on mean 
arterial pressure were not different between WT and TgF344-AD rats. There was a 
significant difference between treated and untreated groups for each strain (p<0.01, **) 
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as measured by one-way ANOVA.  Open symbols indicate female rats and closed 
symbols indicate male rats. N=13-18 

 

2.5.4 Amyloid-b and GFAP are increased in the hippocampus of 18-month old TgF344-AD rats 

Coronal sections at the level of dorsal hippocampus were taken from WT and TgF344-

AD rats at 18 months, after six months of treatment with either candesartan or vehicle (Figure 

2.6A-D). Amyloid-b was significantly increased in the dorsal whole brain sections and within 

the dorsal hippocampus of TgF344-AD when compared with WT rats (main effects of genotype, 

[F(1,60)=167.4,p<0.001, Figure 2.6E] and [F(1,46)=140.4,p<0.001, Figure 2.6G], respectively). 

Drug treatment did not affect amyloid-b or GFAP accumulation for either WT or TgF344-AD 

rats. Post-hoc analysis found all comparisons between WT and TgF344-AD rats to be significant 

(p<0.001, for all), regardless of the drug treatment for any group. At 18-months old, there is a 

negligible signal for amyloid-b in slices from the WT rats and a significant presence of staining 

for amyloid-b in slices from the TgF344-AD rats. The same relationship is observed in stains for 

amyloid-b in coronal slices taken at the level of ventral hippocampus (Figure 2.6F,H). 

There were no observed differences in GFAP between WT and TgF344-AD rats across 

the full brain slice at the level of the dorsal or ventral hippocampus (Figure 2.6I-J). For TgF344-

AD rats, there was an increase in GFAP found within the region of dorsal hippocampus (main 

effect of genotype, F(1,42)=4.862,p=0.033, Figure 2.6K). However, there were no observed 

differences in GFAP quantification within ventral hippocampus (Figure 2.6L). 
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Figure 2.6 – Treatment with candesartan did not affect the accumulation of 
amyloid-b and GFAP in 18-month old TgF344-AD rats.  

A-D) Examples of stained brain slices used for quantification of amyloid-b and GFAP at 
18 months. Significance level is denoted as *** for p<0.001 and * for p<0.05. All 
example images are from rats that received vehicle between 12 & 18 months. E-H) 
Two-way ANOVA revealed a main effect of genotype for all comparisons of amyloid-b 
accumulation in WT and TgF344-AD rats at 18 months. Post-hoc tests revealed 
significant differences between all WT and TgF344-AD experimental groups (not 
pictured). I-J) There were no significant differences between WT and TgF344-AD in 
total GFAP at either sectioning location. K-L) There was a significant main effect of 
genotype on the amount of GFAP staining in the dorsal hippocampus of 18-month old 
rats. Similar to the results at 12 months, there is a significant increase in GFAP in the 
dorsal hippocampus of TgF344-AD rats relative to WT rats, but there was no observed 
differences in GFAP within the ventral hippocampus of TgF344-AD and WT rats. 

 

Brain slices from rats sacrificed at 12 months and 18 months were analyzed to determine 

whether there were changes in the relative amounts of amyloid-b and GFAP present in the brain 

at different timepoints of the disease in TgF344-AD rats. There were significant differences in 

amyloid-b staining observed between 12-month TgF344-AD rats, 18-month TgF344-AD rats 

receiving vehicle, and 18-month TgF344-AD rats receiving candesartan as determined by a 

Kruskal-Wallis test (p<0.001). Multiple comparisons revealed there was more diffuse amyloid-b 

staining in both 18-month experiment groups when compared with the 12-month rats. There 
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were no observed differences in stain quantification between the two 18-month groups that could 

be explained by treatment with candesartan.  Similar results were observed at the level of dorsal 

and ventral hippocampus (Figure 2.7A-B). The percentage of pixels positively stained for GFAP 

did not change in the whole slice during disease progression (Figure 2.7C-D). 

 



62 
 

Figure 2.7 – Comparison of 12 & 18 month TgF344-AD rat amyloid-b and GFAP 
quantification.  

A) At 18 months there is a significant increase in amyloid-b in the dorsal hippocampus 
of TgF344-AD rats compared with levels seen at 12 months (Kruskal Wallis test, 
p<.001). Multiple comparisons confirmed that this increase is seen in both rats receiving 
vehicle and those receiving candesartan. B) Amyloid-b is also increased in the ventral 
hippocampus of TgF344-AD rats when comparing the 12 and 18 month cohorts. C) 
There were no significant differences in the amount of GFAP seen in the dorsal 
hippocampus of TgF344-AD between any groups. D) There were also no differences in 
the amount of GFAP noticed in the ventral hippocampus due to time or drug treatment. 
 
 
2.5.5 Candesartan preserves task learning on the WRAM for TgF344-AD rats 

The WRAM can be used to assess working memory, recall, and learning, since 

performance on the task will ideally improve from session 1 to session 12. To assess learning on 

the WRAM in WT and TgF344-AD rats, the cumulative latency to reach the escape platforms 

and the total combined errors of the initial and final training sessions were compared. Data from 

sessions 1 & 2 were combined for the “initial” training data. Likewise, data from sessions 11 & 

12 were combined for the “final” training data. 

Both WT and TgF344-AD rats at 18 months of age learned to complete the maze in less 

time over the course of 12 training sessions. Escape latency decreased for both strains over the 

training sessions regardless of whether rats were treated with candesartan or vehicle. For WT 

rats, there was a significant reduction in the latency to reach all escape platforms after training, 

as measured by two-way ANOVA with repeated measures (main effect of time, 

F(1,28)=122,p<0.001, Figure 2.8A). Planned contrasts using Sidak’s multiple comparison test 

revealed a significant improvement in time to complete the maze on the final sessions for WT 

rats receiving vehicle (Initial: M=413s, SD=117s; Final: M=131s, SD=90s) and candesartan 

(Initial: M=480s, SD=162s; Final: M=115s, SD=78s). There was a similar reduction in latency to 
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reach all platforms across training sessions for TgF344-AD rats (main effect of time, 

F(1,32)=60.81,p<0.001, Figure 2.8C). Planned contrasts showed that TgF344-AD rats receiving 

vehicle (Initial: M=400s, SD=148s; Final: M=214s, SD=112s) and candesartan (Initial: M=407s, 

SD=107; Final: M=157s, SD=92s) both learned to complete the maze more quickly over the 

course of training. 

WT rats reduced the total number of cumulative working memory, reference memory and 

perseverative errors between the initial and final sessions in the WRAM (main effect of time, 

F(1,28)=30.87,p<0.001, Figure 2.8B). There was a significant reduction in errors over the course 

of training for groups receiving vehicle (Initial: M=19.79, SD=7.72; Final: M=10.79, SD=6.89) 

and candesartan (Initial: M=19.81, SD=6.54; Final: M=9.25, SD=6.30) as determined by planned 

contrasts. There was also a significant reduction in total number of errors performed between the 

initial and final WRAM sessions for TgF344-AD rats (main effect of time, 

F(1,32)=8.952,p=.005, Figure 2.8D). However, planned contrasts revealed that there was a 

reduction in the total errors performed after training for TgF344-AD rats receiving candesartan 

(Initial: M=19.73, SD=5.84; Final: M=12.47, SD=5.96). TgF344-AD rats receiving vehicle did 

not learn to reduce the number of errors performed on the WRAM over the course of training 

(Initial: M=19.11, SD=6.10; Final: M=16.95, SD=8.12). 
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Figure 2.8 – 18-month old TgF344-AD rats treated with learn to complete the 
WRAM faster with training but only reduce the total errors committed after 
treatment with candesartan. 

A) Repeated measures comparisons revealed that there was a significant decrease in 
the time WT rats took to complete the WRAM over the course of 12 days of training 
(two-way ANOVA with repeated measures, F(1,28)=122,p<0.001). B) WT rats also 
learned to complete the WRAM with fewer total errors (F(1,28)=30.87,p<0.001). C) 
TgF344-AD rats also learned to decrease the time needed to complete the WRAM by 
the final sessions (F(1,32)=60.81,p<0.001). D) However, only TgF344-AD rats treated 
with candesartan learned to decrease their total cumulative errors by the final sessions. 
TgF344-AD rats that were administered vehicle committed as many total errors on their 
final sessions as they had in the initial training sessions. 
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2.5.6 Working and Reference memory impairment in 18-month old TgF344-AD rats is partially 

rescued by treatment with candesartan 

Working and reference memory performance was assessed by comparing each 

experimental group on their time to complete the maze and the types of errors committed across 

the final WRAM training sessions (days 11 & 12). 18 month old TgF344-AD rats took longer to 

complete the maze when compared with WT rats, as measured by a significant increase in the 

latency to reach the escape platforms (main effect of genotype, F(1,60)=6.978,p=0.011, Figure 

2.9A). 

TgF344-AD rats committed more reference memory errors than WT rats on the final 

WRAM training sessions (main effect of genotype, F(1,60)=8.149,p=0.006, Figure 2.9B). A 

reference memory error was scored when a rat made the first entry into a maze arm that never 

contained an escape platform. The significant increase in reference memory errors for TgF344-

AD rats indicates that these rats had an impaired ability to navigate throughout the maze and 

retain escape platform locations using the wall cues around the maze. 

TgF344-AD rats also performed more perseverative working memory errors compared 

with WT rats on sessions 11 & 12 in the WRAM (main effect of genotype, 

F(1,60)=5.411,p=0.023, Figure 2.9C). There was also a main effect of drug treatment on 

perseverative working memory errors, with rats receiving candesartan performing fewer errors 

than those receiving vehicle (F(1,60)=5.453,p=0.023). Perseverative working memory errors 

were scored whenever a rat made repeat entries into the same unrewarded arm within the same 

trial. Sidak’s multiple comparisons test revealed that both of these main effects were being 

driven by a significant increase in perseverative working memory errors in the TgF344-AD rats 
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that received vehicle (M=3.263) compared with other groups: WT rats receiving vehicle 

(M=1.071) and TgF344-AD rats receiving candesartan (1.067).  

 

Figure 2.9 – WRAM performance on training days 11 & 12 for TgF344-AD and WT 
rats treated with Candesartan.   

A) TgF344-AD rats are slower to complete the WRAM when compared with WT rats 
(main effect of genotype, F(1, 60) = 7.196, P=0.0094).  B) TgF344-AD rats make more 
reference memories during maze completion when compared with WT rats (main effect 
of genotype, F(1, 60) = 8.149, P=0.0059).  C) Rats receiving Candesartan commit fewer 
working memory incorrect errors when compared with rats receiving saline (main effects 
of genotype and drug treatment, [F(1,60) = 5.411, p=0.023)] and [F(1, 60) = 5.453, 
p=0.023], respectively).  This effect is explained by the reduction in working memory 
incorrect errors seen in TgF344-AD rats receiving Candesartan when compared with 
those receiving saline (Sidak’s multiple comparisons test, p=0.0206). 

 

2.6 Discussion 

Our results demonstrate angiotensin receptor blockers administered throughout the early 

disease phase reduce the degree of cognitive disturbances in the TgF344-AD rat. In our 

experiment, the TgF344-AD rat reliably displayed an age-dependent disease progression 

featuring many hallmarks of the typical human transition from prodromal AD through clinical 

AD. At 12-months, the TgF344-AD rat displayed significant amyloidosis and increases in GFAP 

levels throughout the brain but appeared cognitively normal on the spontaneous alternation test 
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and novel object recognition when compared with age-matched wild type littermate controls. 

These findings are in line with previously published work using this model which identifies ~15 

months of age as a time point where TgF344-AD rats begin to display significant cognitive 

impairments[206, 207]. Multiple investigators have replicated findings suggesting that this model 

develops amyloid and tau pathology with a stereotyped progression beginning at 6 months and 

continuing through frank AD pathology at 16 months[206, 217, 218]. Our quantification of amyloid-b 

at 12-months similarly supports this progression. Some reports using this model have 

demonstrated deficits in reversal learning as early as 6 months and impaired performance in a 

water maze at 10-11 months when compared to WT rats[219, 220]. While we did not observe 

similar evidence of cognitive impairments during our behavioral testing at 12 months, we did 

observe consistent perseverative errors and evidence of inefficient WRAM platform search 

strategies in our 18 month old TgF344-AD rats treated with vehicle. 

Daily treatment with candesartan from 12 to 18 months was associated with 

improvements in learning of the WRAM and a decrease in perseverative working memory errors 

in TgF344-AD rats. At 18 months, both WT and TgF344-AD rats treated with vehicle were able 

to learn to complete the WRAM more quickly over the 12 sessions. However, the inability of 

TgF344-AD rats to reduce the total number of errors performed within the maze and the 

significant increase in perseverative errors relative to other groups suggests that these rats chose 

to investigate maze arms randomly in search of escape platforms, rather than using maze cues to 

learn platform locations.  

Despite the observed improvements in the WRAM, candesartan did not slow the 

aggregation of amyloid-b in TgF344-AD rat brains. There are a few potential explanations for 
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this result. The TgF344-AD rat is transgenic model created using two genes linked to the familial 

form of AD. The potential for increased production of amyloid-b as a result of the expression of 

mutant human APPSW and PS1 in the TgF344-AD rat may offset the potential for candesartan to 

improve amyloid-b clearance indirectly via vascular changes. Candesartan also has anti-

inflammatory properties and may potentially slow disease progression through decreases in 

neuroinflammation. Complex interactions between amyloid-b, neurofibrillary tangles and 

neuroimmune cells can lead to chronic neuroinflammation which could potentially exacerbate 

AD progression[221]. Candesartan has shown some success in modulating neuroimmune cell 

activity in support of neuroprotective mechanisms[222]. We did see an expected decrease in mean 

arterial pressure as a result prolonged treatment with candesartan to coincide with our behavioral 

results.  

Interestingly, levels of GFAP in the brain remained consistent from 12 to 18 months in 

TgF344-AD rats. In AD, GFAP levels typically increase along with increases in amyloid 

plaques[223, 224]. Astrocyte activity can be an important mediator of amyloid deposition, but 

chronically activated astrocytes in AD brain can become neurotoxic[223]. At 18 months there was 

no difference between WT and TgF344-AD rats in the amount of GFAP expression throughout 

most of the brain. This may be due to a natural upregulation of GFAP in the WT rat with 

advancing age[225]. 

The results of this study demonstrate the potential for angiotensin receptor blockers 

improve the behavioral symptoms of AD when administered in the early disease phase.  Further 

studies are needed to determine the biological mechanisms underlying the effects of the 

candesartan on AD disease progression. 
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Chapter 3 - Delayed Anesthetic Recovery in 12-Month TgF344-AD Rats 

Adapted from: Delayed anesthetic recovery occurs prior to disease onset in the TgF344-AD rat. 
Christopher G. Sinon, Peter-Jon C. Williams, Roy L. Sutliff, Ihab M. Hajjar, Paul S. Garcia. In 
Prep. 
 
3.1 Abstract 

The use of general anesthetics for surgery is predicated on the belief that the effects of 

these drugs are temporary and reversible. However, increasing concern about cognitive 

performance immediately following general anesthesia has drawn attention to the potential for 

common anesthetics to stimulate apoptotic or neurodegenerative processes. Anecdotally, 

individuals with a prior diagnosis of Alzheimer’s disease (AD) emerge and recover slower from 

general anesthesia. Prior diagnosis of mild cognitive impairment or Alzheimer’s-type dementia 

are independent risk factors for development of postoperative delirium (POD) and other 

perioperative neurocognitive disorders. Incidents of delirium are also associated with an 

increased risk for future diagnosis of dementia. We characterized the time to display stereotyped 

emergence and recovery behaviors following isoflurane administration in a transgenic rat model 

of AD. Twelve-month old TgF344-AD rats are considered to be in the early disease phase. We 

assessed differences in anesthetic sensitivity of TgF344-AD rats to sevoflurane anesthesia via 

EEG analysis for burst suppression. In early AD, TgF344-AD rats display hastened emergence 

from anesthesia followed by a delay in the appearance of recovery behaviors. TgF344-AD rats 

demonstrate a resistance to cortical suppression during sevoflurane anesthesia. Brain slices 

following sevoflurane administration also display increased levels of amyloid-b and GFAP in 

hippocampus. Hastened emergence and anesthetic resistance suggest a general shift towards 

cortical arousal in the 12-month TgF344-AD rat. Delayed recovery from isoflurane may be 

related to anesthesia-associated increases in AD protein accumulation. 
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3.2 Introduction 

 The use of general anesthetics for surgery is predicated on the belief that the effects of 

these drugs are temporary and reversible by the anesthesiologist. However, this should not be 

taken to mean that the entry and exit from anesthesia are simply a reversal of the same processes. 

While a “unified theory of general anesthesia” explaining the mechanisms of control of 

consciousness remains elusive, it is clear that there are separate patterns of synaptic, cellular, and 

circuit level events occurring during the induction and emergence from general anesthesia[83]. 

 There are several of known comorbidities that can increase the risk for perioperative 

complications and postoperative cognitive impairments. Among these are factors that indicate 

the presence of previous or ongoing neurological insult, including prior history of stroke or a 

diagnosis of mild cognitive impairment or Alzheimer’s-like dementia[226, 227]. Additionally, 

increased age, patient frailty and those with lower levels of educational attainment are at a higher 

risk for postoperative delirium and perioperative neurocognitive disorders, suggesting there is a 

role for a patient’s “cognitive reserve” in assessing the likelihood for postoperative 

impairments[226, 228].  

Based on practical considerations within a hospital environment, there is traditionally 

more attention payed to the pre- and perioperative care for patients from the anesthesiologist. 

Despite well-established concerns regarding the potential for postoperative cognitive 

impairments in patients, the factors influencing these impairments are poorly understood. Few 

clinical studies have been performed on these topics, owing to a number of factors: 1) the 

difficulty in compiling data sets on patient outcomes, 2) the variability in anesthetic protocols 

used amongst patients considered in the review, 3) differences among screening protocols for 
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cognitive impairments, & 4) the likelihood that postoperative issues are being underreported[95, 

229].  

3.2.1 Alzheimer’s Disease and Anesthesia 

Due to its progressive nature, Alzheimer’s disease often presents in elderly patients. In 

fact, the primary risk factor for AD is age.  AD affects nearly 5.7 million people in the United 

States, with greater than 95% of those affected over the age of 60[230, 231]. Diagnosis of AD 

involves cognitive testing and neurological examination of the patient alongside interviewing the 

family members of the patient to comment on changes in the patient’s mood and behavior.  

Quantifiably, the risk of acquiring an AD diagnosis doubles every 5 years after the age of 65, and 

95% of AD cases occur after age 60 [232]. With life expectancy of the general population on the 

rise, the projected prevalence of AD worldwide is expected to rise to 65 million people by 2030 

and 115 million people in 2050[66, 233, 234]. Geriatric patients undergoing surgery are more likely 

to have AD or to be at risk for AD development. With this in mind, it is important for 

anesthesiologists to consider the effects of anesthesia, surgery, and approaches to perioperative 

care in patients with AD.   

We are only beginning to understand how anesthesia affects the development and 

progression of AD, and currently there are no standards of best practice for the anesthetic 

management of patients with AD. Researchers have identified commonalities between the 

pathophysiology of neurodegeneration in AD and the cellular and systematic effects of 

anesthesia[235]. Further, several studies have identified that AD pathogenesis may be affected by 

anesthesia and perioperative care[236, 237]. The appearance of postoperative cognitive impairments 

is both more likely in individuals with a prior diagnosis of AD and a risk factor for future 

development of AD[235, 238, 239].  
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3.2.2 Alzheimer’s Disease and anesthetic sensitivity  

Advanced age increases sensitivity to anesthetic drugs in both humans and rodents[240-242]. 

While the genesis of increased anesthetic sensitivity is unknown, it is likely that many elderly 

surgical patients receive excessive concentrations of general anesthesia for surgery. 

Intraoperative anesthetic guidance via consciousness monitors significantly decreases the risk of 

perioperative neurocognitive disorders[145, 148]. Additionally, the appearance of burst suppression, 

an EEG pattern characterized by periods of near complete suppression of cortical activity, is 

associated with increased risk for POD[243, 244]. These findings suggest that excessive 

administration of anesthesia should be an area of clinical concern in individuals at risk for 

increased anesthetic sensitivity. There are currently no best practice standards for anesthetic 

management of patients with AD, despite increased risk for postoperative cognitive impairments 

and the potential for increased anesthetic sensitivity both due to age and disease progression.   

 
3.3 Experimental Design and Hypotheses 

The following experiments were conducted in the TgF344-AD rat, the same rodent model 

that was used in the previous chapter. We compared cognitive function and pathology between 

12-month WT and TgF344-AD rats. We then observed the emergence and recovery from 

Isoflurane anesthesia in these rats, using experimental protocol similar to those previously 

described[87, 93]. After 2-hours of maintenance of isoflurane anesthesia, we recorded the time to 

reach a canonical series of emergence and recovery behaviors in each rat. The timeline for 

behavioral experiments is represented in Figure 3.1A. In a separate group of 12-month old rats, 

we used EEG to assess the neurophysiological response to increasing doses of anesthesia in both 

strains, as represented in Figure 3.1B. 
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Figure 3.1 – Experimental workflows for behavioral testing and EEG recordings in 
TgF344-AD rats.  

Separate cohorts were used for each series of experiments. A) Timeline of behavioral 
testing to assess cognitive function in rats aged 12 months. SAT = Spontaneous 
alternation test, NOR = Novel object recognition test, GA = General anesthesia. B) 
Timeline for sevoflurane administration and acquisition of EEG recordings. Each rat was 
maintained at each sevoflurane concentration for a total of 30 minutes. Inspired and 
expired sevoflurane concentration was monitored at each step. At each concentration, 
rats were given 15 minutes for equilibration to the current concentration before the start 
of recording. Extradural EEG was acquired for 15 minutes and the middle 10 minutes of 
each recording was analyzed for suppression of cortical activity. 
 

We expected there to be to be no statistical difference in performance on our cognitive 

tasks at 12-months of age (which would replicate our findings from Chapter 2). We did expect to 

see an increase in the presence of Ab and GFAP between WT and TgF344-AD rats, indicating 

that an Alzheimer’s-like disease pathology had begun in the brains of the TgF344-AD rats at this 

age. It has previously been established in humans and in rats that aging increases the sensitivity 

to general anesthetics. It is hypothesized that this response may be due to a gradual loss of 
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cortical neurons during aging. It is currently unclear whether neurodegenerative diseases also 

increase sensitivity to anesthetics[240-242]. We hypothesized that TgF344-AD rats in the early 

disease state would display a delayed recovery from anesthesia. In addition, we tested whether 

this effect may be related to increased sensitivity to anesthetics by assessing the amount of EEG 

suppression to increasing concentrations of sevoflurane.  

3.4 Methods 

3.4.1 Animals 
 

All experiments were conducted at the Atlanta VA Health Care System Animal Facility. 

Rats used for data collection were bred from an established colony of TgF344-AD rats. 

Transgenic rats and wild type littermates were used for data collection. The rats were housed in 

12-hour light cycles with ad libitum access to rodent chow and water. All studies were approved 

by the Atlanta VA Institutional Animal Care and Use Committee. 

3.4.2 Continuous Spontaneous Alternation Behavior Test 

The Continuous Spontaneous Alternation Test was performed within a Y-maze. Rodents 

introduced to a Y-maze display a tendency to alternate arm entries during maze exploration. This 

tendency towards alternation is thought to result from a preference towards investigation of new 

environments, and the SAT takes advantage of this behavior as an assessment of spatial working 

memory[213]. Rats were allowed to freely explore the Y-maze (San Diego Instruments, San Diego, 

CA, USA) with all three arms open for 8 minutes. Testing was performed between 12:00-3:00PM 

during the light phase. If at any time the rat remained stationary for >60 seconds during the session, 

movement was motivated by briefly grasping and releasing the rat from the base of the tail. The 

number of arm entries and the path of arm exploration were determined by a blinded observer. 
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A successful alternation was scored when the rat completed three consecutive arm entries 

via turns in the same direction. Alternation percentage was determined using the following 

equation[214]: 

Equation 1: 

𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛	𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
#	𝑜𝑓	𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙	#	𝑜𝑓	𝐴𝑟𝑚	𝐸𝑛𝑡𝑟𝑖𝑒𝑠 − 2 ∗ 100 

3.4.3 Novel Object Recognition Test 

Following completion of the Y-maze, rats were tested for attention and working memory 

performance using the novel object recognition test. Testing was performed between 9:00AM-

12PM during the light phase. On the first day, rats were allowed to freely explore a high-walled 

open field arena for 15 minutes to acclimate to the testing environment.  On the second day, rats 

were given another 15 minutes to acclimate to the testing environment.  Following a 30-minute 

break, rats began the training phase of the novel object recognition test.  Two identical non-

odorous plastic toys (A1 & A2) were affixed with one on each end of the testing environment.   

Rats were placed into the center of the environment and given seven minutes to explore the 

testing environment during the training phase.  Rats were then returned to their transfer cage for 

a 5-minute inter-trial interval.  The choice phase was completed using a third identical plastic toy 

(A3) and new non-identical plastic toy (B).  Each phase was recorded by an overhead video 

camera and the behavioral data was autoscored using Ethovision XT11.5 software (Noldus 

Information Technology, Wageningen, The Netherlands).  For each rat, the time spent on each 

side of the environment and the time spent exploring each object, measured as the amount of 

time each rat’s nose entered a 2.5-cm radius of the object, was recorded for each session. 

The novel object observation time (TN) and the familiar object observation time (TF) 

were recorded. The discrimination index for the testing phase was calculated by (TN-
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TF)/(TN+TF). Animals were excluded if they did not cross the midpoint of the arena during any 

of the phases. Animals were also excluded if they spent more than 80% of total object 

observation time with either object during the training phase. 

3.4.4 Isoflurane Anesthesia 

Our anesthesia protocol was modified from our previous work [86]. A state of general 

anesthesia was induced in rats using an induction chamber pre-charged with 2% isoflurane in 

oxygen (O2). When rats displayed a loss of righting reflex and a visible decrease in respiration 

rate, they were transferred to a nose cone delivering 2% isoflurane in O2 at a rate of 1 L/minute. 

General anesthesia was maintained for 2 hours via nose cone with respiration rate and body 

temperature recorded for each rat in 5 minute intervals. Body temperature was maintained at 

38+0.5°C via heating pad and monitored via rectal thermometer. Isoflurane anesthesia was 

reduced to a 1.5% dose shortly after the transfer to the nose cone and dose was then titrated to 

respiration rate (between a 1.5-2% dose) as needed throughout the course of the experiment. 

Sham general anesthesia in the form of 2 hours of exposure to O2 at 1 L/minute in an induction 

chamber was delivered to half of the rats in the study. 

3.4.5 Anesthetic Emergence & Recovery 

After 1-hour & 50-minutes of general anesthesia, a small piece of adhesive tape (~0.5cm 

x 3cm) was wrapped around the rat’s left forepaw and the temperature probe was removed. At 

the two-hour mark, the isoflurane concentration was reduced to 0% and a stopwatch was started 

simultaneously. For these experiments, we chose to distinguish between the period of emergence 

from isoflurane anesthesia and the period of recovery from the effects of isoflurane anesthesia, 

similar to methods applied in [87, 93]. Anesthetic emergence was defined as the period between 

cessation of isoflurane delivery (ISO OFF) and the return of righting reflex. The time to each of 
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the following anesthetic emergence milestones was recorded for each rat receiving isoflurane: 

limb movement, sudden changes in respiration, blinking, mastication and return of righting 

reflex. Anesthetic recovery was defined as the period from the return of righting reflex until the 

first attempt to remove the adhesive tape from the left forepaw. The modified sticky dot test used 

in these experiments, and as previously reported[87], requires perception of the adhesive tape and 

the return of grooming behaviors following the regaining of consciousness. 

3.4.6 Activity Monitoring 
 

After receiving anesthesia, at ~4:00pm rats were transferred to a monitoring chamber 

with beam breaks (Oxymax/CLAMS, Columbus Instruments, Columbus, OH, USA) for 24 hours 

of continuous locomotor activity scoring. Rats were given ad lib access to food and water during 

activity scoring and the chambers were fitted with raised grid floors so waste would collect 

below. Activity scoring for the dark phase began at 6:00pm and the rats were monitored 

continuously until 6:00pm the following day. To track ambulation in the chamber (rather than 

grooming or postural adjustments) we included only consecutive beam breaks that were made 

along one axis in series. Breaking the same beam multiple times in a row would be ignored for 

data collection. 

3.4.7 Wireless EEG Transmitter Implantation 
 

A two-channel, wireless EEG Transmitter (Epoch Sensor, Biopac Systems Inc., Goleta, 

CA, USA) was implanted using aseptic surgical technique. Rats were anesthetized with 

isoflurane (3-4% in O2), the scalp and neck were trimmed with hair clippers, and eye ointment 

was applied. Metacam (1 mg/kg) was administered pre-surgery by subcutaneous injection. A 

bolus of warm saline (1 mL/100 g) was also injected subcutaneously. The rat was positioned 

within a stereotaxic frame with temperature support provided by warm water blanket beneath the 
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animal. Isoflurane dosage was reduced to 2-2.5% in O2 for surgical maintenance. Surgical 

draping was used to cover the rat keeping fur from entering the surgical site. The scalp was 

cleaned with alternating administrations of betadine and 70% ethanol applied in circular motions 

outwards center of the scalp. 

When the respiration rate was steady at 60-80 breaths per minute with no response to toe 

pinch, the surgery was begun. A single incision was made along the midline of the skull, rostral 

to caudal, starting between the eyes and terminating caudal to the ears. The skull was exposed 

and blood and fascia were cleared. Five burr holes were drilled into the skull exposing the dura 

mater. Holes were drilled at (1) 1.0 mm posterior to bregma and 3.0 mm lateral to the central 

suture, (2) 4.0 mm anterior to lambda and 3.0 mm lateral to the central suture, (3) 2.5 mm 

posterior to lambda along the midline, (4) 2.5 mm posterior to bregma and 4.5 mm lateral of the 

central suture, and (5) 2.0 mm anterior to lambda and 4.5 mm lateral to the central suture. 

  The leads for channels 1 and 2 were positioned in burr holes 1 and 2, respectively. The 

reference lead was positioned in hole 3. Two anchoring screws were positioned in holes 4 & 5. 

The transmitter was affixed to the skull using dental cement powder and dental acrylic. Once 

dried, the remainder of the incision was sutured closed with PDO absorbable monofilament 

suture, thereby leaving the transmitter exposed and unencumbered, and completing the surgery. 

Rats received a subcutaneous injection of Buprenorphine SR-LAB (1 mg/kg) following 

surgery. For the first three days post-surgery, rats were kept on a soft diet of nutritional gel 

(DietGel Recovery, ClearH2O, Portland, ME, USA) and received daily subcutaneous injections 

of Metacam (1 mg/kg). Each rat was given an additional 10 days to recover from surgery before 

EEG recordings were made.  
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3.4.8 EEG Recording 

 EEG recordings were made using the corresponding Epoch Receiver (Biopac Systems 

Inc, Goleta, CA, USA) and MATLAB software (MathWorks, Natick, MA, USA). Recordings 

were made under general anesthesia with sevoflurane in O2 delivered via nose cone at 2 L/min. 

Anesthesia was induced with 2.4% sevoflurane and the concentration was increased by 0.4% for 

each subsequent recording. Rats were maintained at each sevoflurane concentration for 30 

minutes total. Rats were given 15 minutes to equilibrate to each sevoflurane concentration and 

EEG recordings were made during the last 15 minutes of maintenance for each concentration 

step. Inspired and expired sevoflurane concentrations were continuously monitored during the 

equilibration period to verify that EEG recordings were made at once sevoflurane concentrations 

had reached a steady state. Supplemental heating was provided by heated water blanket during 

equilibration and via heated saline bags (38-39°C) during EEG recording. Saline bags were 

consistently rotated from a hot water bath to prevent hypothermia during sevoflurane anesthesia. 

Methods and MATLAB code for burst suppression analysis are provided in Appendix 2. EEG 

was bandpass filtered between 0.1-70Hz and line filtered at 60Hz. Wavelet denoising was 

performed on each file using the “wdenoise” function in MATLAB with a soft SURE threshold. 

Cortex recordings were denoised down to level five using the tenth order Daubechies wavelet 

and hippocampus recordings were denoised down to level five using the fourth order Symlet 

wavelet. Detailed methods for selection of EEG filtering steps are detailed in Appendix 3.  

3.4.9 Tissue Collection 

Rats were deeply anesthetized using isoflurane for tissue collection. Cardiac perfusion 

was performed using ice cold phosphate buffered saline. Rat brains were rapidly extracted and 

bisected into hemispheres. The hemisphere used for immunochemistry was fixed in 4% 
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paraformaldehyde and then transferred to a phosphate buffered saline storage solution containing 

0.01% sodium azide. Brains from EEG implanted rats were harvested 24 hours after sevoflurane 

administration. 

3.4.10 Tissue Sectioning and Immunohistochemistry 

Brain tissue sections were embedded in parrafin and sliced at 8 microns. Sections were 

deparaffinized and immunohistochemically labeled with antibodies to amyloid-β (4G8) and 

astrocyte activity (GFAP) on a ThermoFisher autostainer. Amyloid-β sections were pretreated 

with formic acid, blocked with normal serum, and incubated with primary antibody at 1:10,000, 

then exposed to biotinylated secondary antibody followed by avidin-biotin complex (Vector 

ABC Elite kit) and developed with diaminobenzidine (DAB). GFAP sections incubated with 

primary antibody (anti-GFAP, Dako, Santa Clara, USA) at 1:5000, then exposed to primary 

antibody enhancer followed by HRP polymer (ThermoScientific UltraVision LP Detection 

System) and developed with diaminobenzidine (DAB).  

3.4.11 Quantification of Immunohistochemistry 

High resolution digital scans of stained brain slices were analyzed using Qupath 

software[216].  Positive pixel count analysis was performed on slices stained with 4g8 for 

amyloid-β and GFAP for astrocyte activity.  Positive pixel percentage, a measure of the ratio of 

positively stained pixels to total number of image pixels, was recorded to quantify markers for 

AD-like pathology in rat brain tissue. Expanded methods for image analysis are detailed in 

Appendix 1. 

3.4.12 Statistical Analysis 
 

Statistical testing was performed using Prism 7.0 (GraphPad Software, San Diego, CA, 

USA) and IBM SPSS Statistics V26 (IBM Corporation, Armonk, NY, USA). A sample size of 
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12 rats per group was justified using a power analysis in G*Power 3.1.9.4 with a=0.05, b=0.80 

and an anticipated very large effect size of 1.2 due to the effects of the inserted transgenes. All 

datasets were tested for normality using the Shapiro-Wilk test. Tests for normality perform 

poorly with sample sizes comparable to those used in these experiments, so we compared the 

Shapiro-Wilk test results against visual inspection of the data distributions in the selection of 

non-parametric vs. parametric tests. Cognitive test data and emergence & recovery data were 

analyzed using Student’s t-test for independent samples, Two-way ANOVA with Sidak’s test for 

multiple comparisons, or comparison of the 95% confidence interval with performance at the 

level of chance. Despite the low sample size collected for the EEG data, we chose to analyze this 

data using parametric tests for two reasons. Where there were significant differences the data 

were clearly separated such that analysis with non-parametric tests using rank-sum or signed-

rank comparisons could not fully characterize the data distributions. Results of parametric tests 

are informative for approximating the expected effect size for future experimentation. Two-way 

ANOVA with repeated measures and Sidak’s test for multiple comparions was used to analyze 

differences in burst suppression ratios. Welch’s t-test was used to analyze the changes in 

neuropathology between TgF344-AD rats with and without exposure to sevoflurane during EEG 

recording. 

3.5 Results 

3.5.1 Cognitive Testing 

We used similar cognitive testing assays to those used in Chapter 2, with the addition of 

post-anesthesia monitoring of locomotor activity for 24 hours in a novel home cage. Patients 

with AD also experience stereotyped non-cognitive impairments, in addition to impairments in 

memory and cognitive function. A series of motor dysfunctions including rigidity, postural 
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changes, changing gait and bradykinesia are common with the disease and likely to worsen along 

with AD progression. Additionally, due to the effects of anesthetic drugs on brain regions 

important for circadian function, there is speculation that exposure to anesthetics could impair 

sleep/wake cycles and overall activity levels[86]. To assess this, we housed the rats in separate, 

novel home cage in the 24-hours following administration of isoflurane anesthesia. Locomotor 

activity was tracked by quantifying the number of consecutive beam breaks along the length of 

the cage, to eliminate the influence of grooming or postural adjustments on the assessment of 

activity. 

There were no differences between WT rats and TgF344-AD rats on spatial working 

memory or activity level as measured by the continuous spontaneous alternation test (Figure 

3.2A-B). The percentage of arm entries that completed a full maze alternation were the same 

between groups (Student’s t-test, p=0.914, ns). Both strains also completed the same average 

number of arm entries (Student’s t-test, p=0.807, ns). 

There were also no differences in recognition memory between groups as measured by 

the novel object recognition test (Figure 3.2C). For each group, we used the discrimination index 

(DI) to quantify the time spent with the novel and familiar objects. DI = 1 represents 100% of 

exploration time spent on the novel object, and a DI = 0 represents an equal amount of time spent 

with the novel and familiar objects. For each group, we determined the mean DI and the error 

bars represent the 95% confidence interval. For both WT rats and TgF344-AD rats, the entire 

range of the 95% confidence interval is greater than DI=0, indicating a consistent recognition of 

the novel object for both groups. 

WT and TgF344-AD rats had similar activity levels in the 24-hours following exposure 

to anesthesia. Both strains were more active during the dark phase than they were in the light 
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phase (Figure 3.2D). Two-way ANOVA revealed a main effect of time on locomotor activity 

(F(1,24)=75.68, p<0.001,***). However, there were no differences between the strains on their 

performance during either time period.  

 

 
 

Figure 3.2 – There were no observed differences in test performance on the SAT 
or NOR at 12 months between WT and TgF344-AD rats.  

Similar activity patterns were seen during 24-hours of monitoring following anesthesia. 
There was no difference in alternation percentage (A, p=0.914) or arm entries (B, 
p=0.807) within a Y-maze for WT and TgF344-AD rats. C) Both WT and TgF344-AD 
groups spent more time investing the novel object in the NOR testing phase. Error bars 
represent 95% confidence intervals for each group. D) Both strains displayed similar 
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activity in the dark and light phases after anesthesia exposure (Two-way ANOVA, 
significant main effect of light cycle, F(1,24)=75.68, p<.001).   
 
 
3.5.2 Emergence and Recovery from Isoflurane 

 Rats will resist being placed in a supine position and will reflexively reorient themselves 

to an upright stance. Traditionally, experiments on the effects of anesthesia use the loss of 

righting reflex and return of right reflex (RORR) to signify the timepoint of anesthetic induction 

and emergence, respectively. For these experiments, we differentiated between the emergence 

from anesthesia (RORR) and the continuation of the recovery from anesthesia by noting the time 

to return of ambulation and time to complete a modified version of the sticky dot test. 

 TgF344-AD rats displayed a hastened time to emergence compared with WT rats. There 

was a significant main effect of rat strain on the time elapsed between the first emergence 

behavior (Sighing) and the final emergence behavior (RORR) [Two-way ANOVA, 

F(1,88)=5.625, p=0.012]. However, multiple comparisons revealed no significant differences 

between WT and TgF344-AD rats on the time between the cessation of isoflurane delivery and 

any individual emergence behaviors. Additionally, two-way ANOVA revealed a main effect of 

behavior across the emergence process [F(3,88)=4.6, p=0.005], demonstrating that all rats 

displayed the observed emergence behaviors in the canonical order reported in previous 

publications[87, 93]. 

TgF344-AD rats displayed a delayed recovery from anesthesia compared with WT rats. 

There was a significant interaction affect between the time to reach the observed recovery 

behaviors and recovery time for each rat strain as measured by Two-way ANOVA 

[F(1,66)=11.65, p=.001]. There was a significant difference in the time to reach each recovery 

behavior [F(2,66)=94.07, p<.001]. Sidak test for multiple comparisons revealed significant 
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differences between the latency to RORR [Mean WT (MWT)= 211.4s & Mean AD (MAD)=126.3] 

and both the latency to ambulation [MWT=638.1s & MAD=855.4s] or attempted removal of the 

adhesive tape [MWT=1340s & MAD=2195s].  There was significant increase in the latency to 

investigate the sticky dot for TgF344-AD rats when measured both during the recovery period 

only [Two-way ANOVA, main effect of rat strain, F(1,66)=11.65, p=0.001] and from the end of 

isoflurane delivery [Sidak multiple comparisons test, MWT=1340s, MAD=2195s, p<.001]. 

TgF344-AD rats regained consciousness following general anesthesia (as measured by RORR) 

earlier than WT littermates, however their time to recovery as measured by sticky dot was 

significantly lengthened. The sequence of emergence and recovery behaviors and the 

comparisons of the latency for WT and TgF344-AD rats to reach each behavior are represented 

in Figure 3.3.   

 

 

Figure 3.3 – Isoflurane emergence period is hastened and recovery is delayed in 
TgF344-AD rats.  

Graphs on the top row plot the durations between ISO OFF and each emergence or 
recovery behavior. Graphs on the bottom row plot the duration for the emergence period 
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(First behavior to RORR) and the recovery period (RORR to Sticky Dot) separately. 
There was a shorter overall emergence period duration for TgF344-AD rats 
(F(1,88)=5.625, p=0.012), but no individual emergence behavior was significantly 
different between strains. The time to recover from anesthesia was lengthened in the 
TgF344-AD rats when measured from the end of emergence (F(1,66)=11.65, p=0.001) 
and from ISO OFF (p<0.001, Sidak’s). Black circles = WT, Red squares = TgF344-AD. 
Emergence and recovery periods were analyzed using separate two-way ANOVA. 
 

3.5.3 Burst Suppression 
 
 Illustration of burst suppression analysis and examples of burst suppression EEG are 

demonstrated in Figure 3.4 and discussed further in Appendix 2. Suppression of cortical activity 

is interspersed with bursts of high-amplitude, low-frequency voltage changes in cortical EEG. 

Bursts and suppressions were identified via a voltage threshold implemented on the absolute 

value of voltage from the filtered rat EEGs. The EEG signal was simplified to a binary time 

series (0=cortical bursts, 1=cortical suppression), EEG was subdivided into 15 second analysis 

epochs, and the ratio of suppression time to epoch time was computed for the entire recording. 

EEG electrodes were positioned (1) above the anterior portion of primary somatosensory cortex 

and (2) above the mediolateral portion of visual cortex 2 and hippocampus. Analysis from these 

EEG electrodes are referred to as (1) cortex and (2) hippocampus. 
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Figure 3.4 – Example EEG recordings of cortical burst suppression.  

A) Four seconds of EEG demonstrating a period of suppressed cortical activity between 
two bursts. The suppression in this segment lasts 2.2 seconds. The calculated BSR for 
this example is 0.55. B) Ten seconds of EEG recorded from a rat feature burst 
suppression during administration of 3.6% sevoflurane. The top voltage trace displays 
the unfiltered EEG recording. The middle trace displays recording after filtering 
(absolute value of voltage). The voltage threshold for bursts is set at 30 µV. The bottom 
graph displays the corresponding binary time series labelling burst and suppressions. 
Suppressions are plotted in blue and bursts are plotted in white.  
  

 TgF344-AD rats did not demonstrate an increased sensitivity to sevoflurane anesthesia 

when compared with WT rats. Continuous BSRs (15s epochs, 14 second overlap between 

epochs) were computed for each rat over 10 minutes of EEG recording at each sevoflurane 

concentration (Analysis and supplemental figures in Appendix 2). There was little variation in 

the continuous burst suppression ratios. As a result, statistical comparison was completed using a 

mean BSR for each EEG recording, computed from non-overlapping 15s analysis epochs. 

Recordings from cortex demonstrated resilience to burst suppression during sevoflurane 

anesthesia for TgF344-AD rats. There was a significant interaction effect between sevoflurane 

concentration and rat strain. There were significant increases in BSR for TgF344-AD rats from 

2.8% sevoflurane to concentrations of 3.2% (p=0.034), 3.6% (p=0.001), and 4.0% (p<0.001) as 

measured by Sidak multiple comparisons test. BSR from WT rats at 2.8% sevoflurane did not 

differ from BSRs at higher concentrations. There were no significant differences between BSRs 

in WT and TgF344-AD rats on recordings from the hippocampus electrode.  
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Figure 3.5 – TgF344-AD rats do not display increased sensitivity to sevoflurane.  

A) There is a significant interaction between sevoflurane concentration and rat strain on 
burst suppression ratio [F(4,25)=3.086, p=0.034]. Multiple comparisons revealed 
significant differences between the BSR for TgF344-AD rats at 2.8% sevoflurane and 
those computed at 3.2% (p=0.034), 3.6% (p=0.001), and 4.0% concentrations 
(p<0.001). These comparisons were not significant for WT rats. Results suggest that 
TgF344-AD are resilient to cortical suppressions during administration sevoflurane. B) 
WT and TgF344-AD rats demonstrated no differences in burst suppression ratio on 
hippocampal electrode EEG recordings at any sevoflurane concentration. 
 

3.5.4 Increased amyloid-b and GFAP in TgF344-AD rats after burst suppression 
  
 Amyloid-b and GFAP levels increased in dorsal hippocampus following exposure to 

sevoflurane anesthesia in TgF344-AD rats during EEG recordings (Figure 3.6). We used 

Welch’s t-test, which makes no assumptions regarding group variances, to compare 3,3’-

Diaminobenzidine (DAB) staining for both proteins between EEG implanted rats and age 

matched TgF344-AD rats (cohort used in Chapter 2). There was a significant increase in 

amyloid-b within dorsal hippocampus of TgF344-AD rats following burst suppression 

experiments (p=0.001, MCon=4.068, MBS = 6.949). GFAP levels were also increased in dorsal 

hippocampus of TgF344-AD rats after sevoflurane anesthesia with burst suppression (p=0.029, 
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MCon= 2.153, MBS=7.497). WT brain slices (n=2) displayed no deposition of amyloid-b in dorsal 

hippocampus following sevoflurane anesthesia (0% positive pixel analysis, qualitative analysis).  

 

 

Figure 3.6 – Amyloid-b and GFAP levels are increased following sevoflurane 
administration in TgF344-AD rats. 

Amyloid-b (A, Welch’s t-test, p=0.001) and GFAP (B, Welch’s t-test, p=0.029) levels are 
increased in the dorsal hippocampus of TgF344-AD rats after general anesthesia with 
sevoflurane. Examples of DAB stained brain slices used for quantification of amyloid-b 
and GFAP in TgF344-AD rats are displayed. Immunohistochemistry results from 
TgF344-AD rats aged to 12 months (C & D, cohort from Chapter 2) were compared with 
TgF344-AD rats receiving sevoflurane general anesthesia (E & F).  
 
 
3.6 Discussion 

 These experiments demonstrate delayed recovery from anesthesia for TgF344-AD rats in 

the early disease phase. At the age of 12 months, these rats have begun to accumulate amyloid 

and demonstrate increased glial activity (results from Chapter 2) but do not yet display cognitive 

decline. TgF344-AD rats displayed a hastened emergence from isoflurane followed by an 

increased recovery duration. These results are not well explained by strain differences in 
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anesthetic sensitivity. The amount of burst suppression observed was mostly similar between 

WT and TgF344-AD rats, with the exception of a decrease in sensitivity to the 2.8% 

concentration of sevoflurane in TgF344-AD rats. Our results demonstrate an increase in both 

amyloid-b and GFAP in TgF344-AD rats following sevoflurane administration with burst 

suppression.  

 We did find evidence of resilience to cortical suppression by sevoflurane anesthesia in 

the TgF344-AD rat. These results complement previous experiments by Bianchi et al. on the 

induction of anesthesia by volatile anesthetics in Tg3xAD mice[245]. In that study, Tg3xAD mice 

required exposure to higher concentrations of halothane, isoflurane and sevoflurane to achieve 

loss of righting reflex. Human AD is associated with altered sleep/wake behavior, with more 

fragmented sleep patterns and lower proportions of slow wave and REM sleep[246]. In our 

previous work with the TgF344-AD rat, increased sleep/wake transitions and shorter bouts of 

REM and NREM sleep were recorded at 17 months old (Kruezer et al., in review). At 17-

months, isoflurane exposure further exacerbated sleep/wake disturbances, with these rats 

displaying increased wakefulness during active periods and increased sleep fragmentation 

(Kreuzer et al., in prep).  These results together suggest a generalized increase in signaling from 

arousal pathways in AD that may compete with the hypnotic effects of general anesthetics. 

 Increased gamma band EEG activity has been described in AD, which is consistent with 

a greater overall influence of lower brain structures important for sensory perception and arousal 

on cortical processing[247, 248]. It remains unclear whether increases in “bottom-up” gamma 

activity could result from increased brainstem signaling resulting from AD progression or due to 

a decrease in top-down processing resulting from cortical cell death[249].  Additionally, our 

previous EEG recordings in TgF344-AD rats have demonstrated a narrowing of the dynamic 
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range of cortical activity between wake and sleep states during frank AD (Kreuzer et al., in 

prep). At 12-months, in early AD, emergence from isoflurane anesthesia was hastened in 

TgF344-AD rats and anesthetic recovery was significantly lengthened. These results are 

consistent with an increase in the influence of cortical arousal pathways in TgF344-AD rats 

during emergence from anesthesia. However, a faster emergence from anesthesia did not 

improve recovery from anesthesia. 

It is not clear whether increased levels of amyloid-b are caused by sevoflurane 

administration or previous EEG surgery. Inhalation anesthetics have been previously 

demonstrated to increase amyloid-b oligomerization and cytotoxicity in cell culture[250]. 

Prolonged isoflurane exposure is associated with increased caspase activity and extracellular 

amyloid accumulation in human neuroglioma cells[251] and in adult WT mice[138]. The effects of 

sevoflurane on amyloid-b have been studied previously in rodents. Sevoflurane is thought to 

activate apoptotic pathways which subsequently increase the production of amyloid-b[252]. The 

presence of amyloid-b further potentiates caspase-3 activation by sevoflurane creating a 

feedback loop resulting in even more amyloid-b production[253]. The increase in amyloid-b and 

neuroinflammatory response following exposure to volatile anesthetics interfering in cortical 

processing is a potential mechanism for delayed recovery from anesthesia in TgF344-AD rats.  

There are few studies available on interactions between sevoflurane and GFAP. Use of 

sevoflurane increased GFAP levels in rats given infusions of Aβ1–40 solution in hippocampus[254] 

and in diabetic rats[255], however sevoflurane is thought to be neuroprotective when administered 

following stroke and has been demonstrated to decrease post-ischemia GFAP levels. While 

transient increases in GFAP have been reported following surgery, protein levels appear to return 
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to baseline within 48 hours[256]. Given the 14-day recovery period following EEG surgery, it is 

likely that increased GFAP levels are in response to sevoflurane anesthesia. 

TgF344-AD rats display a delayed recovery for isoflurane anesthesia. Delayed recovery 

is preceded by a hastened emergence from anesthesia, leading to a significant increase in the 

total recovery time when compared to WT control rats. Delayed recovery is not likely to result 

from increased anesthetic sensitivity in TgF344-AD rats. In fact, the opposite is true, TgF344-

AD rats display a resilience to the effects of volatile anesthetics that is consistent with a previous 

report in a mouse model of AD. Following prolonged administration of high concentrations of 

sevoflurane, we detected increased levels of amyloid-b and GFAP in dorsal hippocampus. 

Hastened emergence from anesthesia may best be explained by an increase in the influence of 

arousal pathways on cortical activity, which is supported by results from our previous 

experiments in TgF344-AD rats at a later disease stage. Delayed recovery may best be explained 

by an increase in AD protein levels during general anesthesia that may impact post-anesthesia 

cognitive function. 
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Chapter 4 - Prehabilitative Exercise Hastens Anesthetic Recovery in Diabetic and non-

Diabetic Rats 

Adapted From: Prehabilitative Exercise Hastens Anesthetic Recovery in Diabetic and non-
Diabetic Rats. Christopher G Sinon, Amy Ottensmeyer, Austin N. Slone, Dan C. Li, Rachael S. 
Allen, Machelle T. Pardue, Paul S García. Anesthesia & Analgesia - In Review. 2019. 

4.1 Abstract 

Type 2 diabetes mellitus, the most prevalent metabolic disease worldwide, increases the risk for 

experiencing cognitive impairments. It has been previously reported that diabetic patients 

experience impaired cognitive function following cardiac surgery, especially on speed-related 

tasks. In an animal model of type 1 diabetes, exposure to isoflurane anesthesia without surgery is 

sufficient to cause memory problems. Exercise is often prescribed as a treatment for diabetic 

patients and regular physical activity is hypothesized to decrease the risk of postoperative cognitive 

impairments. This study examined the effects of diabetes, with and without prehabilitation 

exercise, on recovery from isoflurane anesthesia in a type 2 diabetic rat model. Wistar control 

(n=32) and Goto-Kakizaki (GK) type 2 diabetic (n=32) rats between 3-4 months old underwent 

treadmill exercise for 30 min/day for ten days or remained inactive. Pre-anesthesia spontaneous 

alternation behavior was recorded with a Y-maze to determine cognitive performance on a spatial 

memory task. Rats then received either a 2-hour exposure to 1.5-2% isoflurane in oxygen at 

1L/minute or oxygen only. After 2 hours, the time to reach anesthetic emergence and post-

anesthesia recovery behaviors, including the use of a modified sticky dot removal test, was 

manually recorded for each rat. PSD-95 protein levels were quantified from hippocampus using 

western blot. Diabetic rats show a decrease in spontaneous alternation behavior (p=0.044) and in 

maze exploration (p<0.001). Active and inactive rats displayed no difference in their emergence 

times from isoflurane general anesthesia, but exercise hastened the total anesthesia recovery time 
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(p=0.008) and the time between emergence and the final post-anesthesia recovery behavior 

(p=0.006) for both Wistar and GK rats. Following 10 days of exercise, both Wistar and GK rats 

show increased levels of PSD-95 in the hippocampus, an important regulator of synaptic strength. 

Exercise training prior to general anesthesia resulted in hastened recovery from isoflurane 

regardless of the presence of diabetes, potentially due to increased synaptic proteins in the 

hippocampus. These results suggest that prehabilitation with moderate intensity exercise, even on 

a short timescale, could be beneficial for anesthesia recovery, regardless of metabolic disease 

status. 
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4.2 Introduction 

4.2.1 Diabetes and Surgery 

As surgical practice continues to improve worldwide, patient risk factors, as opposed to 

surgical risk factors, show a stronger association with postoperative complications and 

mortality[257, 258]. Diabetes Mellitus (DM) is a major public health problem, with approximately 

9.4% of the U.S. population affected[259, 260]. The number of patients with type 2 DM has doubled 

within the last two decades and the rising prevalence of the disease necessitates a better 

understanding of the risks faced by patients with DM during surgery. DM is a metabolic disorder 

that negatively affects brain and cognitive function[261]. Patients with DM are more likely to 

experience cognitive impairment due to both cerebrovascular and neurodegenerative 

mechanisms[262]. Diabetic patients undergoing surgery are at a greater risk for perioperative and 

postoperative neurological complications, such as stroke[263] and diminished cognitive 

function[264]. Patient history of diabetes has been independently associated with increased risks 

for both postoperative delirium (POD)[265] and postoperative cognitive dysfunction (POCD)[228]. 

Risk for POCD increases in diabetic patients with poorer glycemic control and higher 

hemoglobin A1c level[228].  

4.2.2 General Anesthesia and Cognitive Dysfunction 

General anesthesia has been associated with higher rates of postoperative cognitive 

dysfunction than local or regional anesthesia[266]. Animal models have shown that a single 

anesthetic exposure leads to an increase in apoptotic signaling and changes in synaptic 

morphology[267], arguing that anesthesia itself may be responsible for observed cognitive deficits. 

The process of emergence from anesthesia involves distinct regulation of neurological activity and 

neurotransmitter release[83]. This process is not simply a reversal of the induction of anesthesia, 
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and therefore changes in neurological function may differentially affect the processes of anesthetic 

induction, emergence and recovery. In diabetic models, rats with hallmarks of metabolic syndrome 

displayed cognitive deficits after surgery and a streptozotocin-induced rat model of type 1 DM 

displayed cognitive deficits after anesthesia challenge [268, 269]. The cognitive effect of an anesthesia 

challenge on a model of type 2 diabetes, the most common form of DM[270], has not been studied. 

4.2.3 The Effects of Exercise on Cognitive Reserve 

Cognitive reserve is a research construct that attempts to explain the variability in cognitive 

function seen in individuals at high risk for cognitive decline, especially in relation to AD and 

normal aging[271]. The concept of cognitive reserve has received attention in attempts to define 

“at risk” populations for postoperative cognitive impairments, as low educational attainment and 

premorbid ability as well as frailty are independent risk factors for POCD[272]. Cognitive reserve 

is also modifiable and there are a number of known translational approaches for increasing 

cognitive reserve[273]. Increasing physical activity is known to improve cognitive reserve and 

reduce risk for dementia[274]. Boraxbekk et al. found that humans with an active daily lifestyle 

had increased average volumes of cortical grey matter compared with sedentary participants[275]. 

In active individuals, EEG activity is better correlated within well-defined functional 

connectivity networks, such as the Default Mode Network and Task Positive Network. Sedentary 

patients over the age of 65 are at higher risk for postoperative cognitive impairments following 

surgery than similarly aged, physically active patients[272]. In addition, exercise is known to be 

beneficial in both managing blood glucose levels in patients with type 2 DM and for improving 

neurological health and function[230, 276, 277]. As a result, exercise represents a promising 

prehabilitative intervention that may reduce postoperative cognitive complications for patients 

with type 2 DM. 



98 
 

4.3 Experimental Design and Hypotheses 

The goal of this work was to investigate the influence of moderate exercise on both 

anesthetic emergence as well as post-anesthesia recovery behaviors in a type 2 diabetic rodent 

model, the Goto-Kakizaki (GK) rat, and in non-diabetic Wistar control rats. The GK rats are a 

spontaneously occurring hyperglycemic, non-obese model of type 2 diabetes[278, 279]. All 

experiments were performed on rats between 3-4 months of age. The experimental timeline and 

breakdown of experimental groups for all rats are presented in Figure 4.1A-B. 

 

Figure 4.1 – Illustration of experimental timeline and design.  

A) Full experimental timeline for each rat in the study. Acclim = Treadmill Acclimation, 
GTT = Glucose Tolerance Test, SAT = Continuous Spontaneous Alternation Behavior 
Test, GA = General Anesthesia, Sham = Sham Anesthesia. B) Experimental groups in 2 
x 2 x 2 study design. 
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We hypothesized that GK rats receiving isoflurane would show delayed anesthetic 

emergence and recovery, while GK rats undergoing exercise training would display no 

differences on these tests when compared with Wistar control rats. 

4.4 Methods 

4.4.1 Animals 

All experiments were conducted at the Atlanta VA Health Care System Animal Facility. 

Wistar (n=34) and GK (n=37) rats were used for data collection. Over the course of this study, 7 

rats (2 Wistar & 5 GK) were removed for failure to complete treadmill running resulting in a total 

of 8 rats per experimental group. Wistar and GK breeders were ordered from Charles River 

Laboratories and then a breeding colony of each strain was maintained. All experiments were 

performed on rats between 3-4 months of age. The rats were housed in 12-hour light cycles with 

ad libitum access to rodent chow and water.  

4.4.2 Glucose Tolerance Test (GTT)  

GK rats demonstrate impaired response to glucose challenge[280]. To verify the presence of 

type 2 diabetes symptoms in our GK rats, the glucose tolerance test was performed. Rats were food 

deprived for 6 hours. Blood glucose levels were monitored by test strip (FreeStyle Lite, Abbott 

Diabetes Care Inc., UK). An intraperitoneal injection of glucose (2 mg per kilogram body weight 

in sterile water) was administered and blood glucose levels were recorded at 15, 30, 60 and 120 

minutes post-injection. 

4.4.3 Treadmill Exercise  

Active rats completed an exercise routine consisting of forced treadmill running for 10 

days (Exer 3/6 Animal Treadmill, Columbus Instruments, Columbus, OH, USA), as previously 

reported[281]. All exercise sessions were performed on Monday-Friday between 9-11am. Rats 
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were trained to run on treadmills in 30-minute sessions starting with a treadmill belt speed of 10 

meters per minute. Exercise intensity was gradually increased over the first 5 days to a treadmill 

belt speed of 15 meters per minute. If 10 shocks were received during any single training session, 

the session was aborted. Failure to train to under 10 shocks received per session within the first 5 

days of training resulted in removal of that rat from the study. Following 2 days of rest, the five 

days of treadmill exercise were completed with belt speeds of 15 meters per minute. Inactive rats 

were placed on a stationary treadmill to control for environment. Over the course of this study, 7 

rats (2 Wistar & 5 GK) were removed for failure to complete treadmill running.  

4.4.4 Continuous Spontaneous Alternation Behavior Test 

The Continuous Spontaneous Alternation Test was performed within a Y-maze. Rodents 

introduced to a Y-maze display a tendency to alternate arm entries during maze exploration. This 

tendency towards alternation is thought to result from a preference towards investigation of new 

environments, and the SAT takes advantage of this behavior as an assessment of spatial working 

memory[213]. Rats were allowed to freely explore the Y-maze (San Diego Instruments, San Diego, 

CA, USA) with all three arms open for 8 minutes. If at any time the rat remained stationary for 

>60 seconds during the session, movement was motivated by briefly grasping and releasing the rat 

from the base of the tail. The number of arm entries and the path of arm exploration were 

determined by a blinded observer. 

A successful alternation was scored when the rat completed three consecutive arm entries 

via turns in the same direction. Alternation percentage was determined using the following 

equation[214]: 

Equation 1: 

𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛	𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
#	𝑜𝑓	𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙	#	𝑜𝑓	𝐴𝑟𝑚	𝐸𝑛𝑡𝑟𝑖𝑒𝑠 − 2 ∗ 100 
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4.4.5 Isoflurane Anesthesia 

Our anesthesia protocol was modified from our previous work [86]. A state of general 

anesthesia was induced in rats using an induction chamber pre-charged with 2% isoflurane in 

oxygen (O2). When rats displayed a loss of righting reflex and a visible decrease in respiration 

rate, they were transferred to a nose cone delivering 2% isoflurane in O2 at a rate of 1 L/minute. 

General anesthesia was maintained for 2 hours via nose cone with respiration rate and body 

temperature recorded for each rat in 5 minute intervals. Body temperature was maintained at 

38+0.5°C via heating pad and monitored via rectal thermometer. Isoflurane anesthesia was 

reduced to a 1.5% dose shortly after the transfer to the nose cone and dose was then titrated to 

respiration rate (between a 1.5-2% dose) as needed throughout the course of the experiment. 

Sham general anesthesia in the form of 2 hours of exposure to O2 at 1 L/minute in an induction 

chamber was delivered to half of the rats in the study. 

4.4.6 Anesthetic Emergence & Recovery 

After 1-hour & 50-minutes of general anesthesia, a small piece of adhesive tape (~0.5cm x 3cm) 

was wrapped around the rat’s left forepaw and the temperature probe was removed. At the two-

hour mark, the isoflurane concentration was reduced to 0% and a stopwatch was started 

simultaneously. For these experiments, we chose to distinguish between the period of emergence 

from isoflurane anesthesia and the period of recovery from the effects of isoflurane anesthesia, 

similar to methods applied in [87, 93]. Anesthetic emergence was defined as the period between 

cessation of isoflurane delivery (ISO OFF) and the return of righting reflex. The time to each of 

the following anesthetic emergence milestones was recorded for each rat receiving isoflurane: limb 

movement, sudden changes in respiration, blinking, mastication and return of righting reflex. 

Anesthetic recovery was defined as the period from the return of righting reflex until the first 
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attempt to remove the adhesive tape from the left forepaw. The modified sticky dot test used in 

these experiments, and as previously reported[87], requires perception of the adhesive tape and the 

return of grooming behaviors following the regaining of consciousness. 

4.4.7 Western Blot 

Hippocampal tissue collected from rats receiving isoflurane anesthesia (Wistar, n=13 [7 active, 6 

inactive]; GK, n=14 [6 active, 8 inactive]) was analyzed for levels of post-synaptic density protein 

95 (PSD-95). PSD-95 is a scaffolding protein that acts as an important regulator of synaptic 

strength[282]. Tissue was homogenized in lysis buffer [137 mM NaCl, 20 mM tris-HCl (pH=8), 1% 

igepal, 10% glycerol, 1:100 Phosphatase Inhibitor Cocktails 1 and 2 (Sigma-Aldrich) and 1:1000 

Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA)] and protein concentrations 

were determined by a Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, 

USA). 20 μg of each sample was separated by SDS-page on a 7.5% gradient, stain-free Tris-

glycine gel (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and total protein images were 

obtained prior to transfer. Next, samples were transferred to a PVDF membrane (Bio-Rad) and 

blocked with 5% non-fat dry milk for 1 hour. The membrane was incubated overnight at 4 °C in 

primary antibodies, including ERK42/44 [1:500; Cell Signaling (Product #9102)] and PSD-95 

[1:5000; Cell Signaling (Product #3450)]. Following 1 hour of incubation in secondary antibodies 

[goat anti-rabbit peroxidase labeled IgG (Vector Laboratories, Burlingame, CA, USA)], 

immunoreactivity was assessed using a chemiluminescence substrate (Thermo Fisher Scientific). 

Both total protein and immunoreactivity was quantified using the ChemiDoc MP Imaging System 

(Bio-Rad). 
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4.4.8 Statistical Analysis 

Statistical testing was performed using Prism 7.0 software (GraphPad Software, San Diego, CA, 

USA). All values are reported as mean + SD. Glucose levels were compared using Welch’s t-

test, while glucose tolerance tests were analyzed using two-way repeated measures analysis of 

variance (ANOVA) followed by post hoc tests using Sidak’s correction for multiple 

comparisons. Unpaired Student’s t-test was used to compare behavioral data from the continuous 

SAT. Two-way ANOVA with Sidak’s post hoc comparisons was also used for comparing 

emergence and recovery data as well as PSD-95 levels.  

4.5 Results 

4.5.1 Glucose Tolerance Test 

Fasted blood glucose levels in Goto-Kakizaki rats were significantly different from 

controls (79.56 + 11.78, n=32 for Wistar, 122.3 + 36.76, n=32 for GK, p<0.001, Welch’s t-test) 

(Table 1). This finding is similar to previous results demonstrating elevated levels of blood glucose 

during fasting in GK rats[278-280]. Following intraperitoneal injection of glucose, blood glucose 

levels were consistently higher for GK rats when compared with controls. There was a two-fold 

increase in blood glucose concentration between groups at 15 and 30 minutes post-injection and 

three-fold increases at both 60 and 120 minutes post-injection (Interaction effect F(3, 186)=16.44, 

p<0.0001) (Table 4.1). 

Table 4.1. Blood glucose levels as measured by test 
strip for GTT 

 Blood Glucose (mg/dL) 

 Time Point Wistar (n = 32) GK (n = 32) 

Baseline 79.56 +/- 11.78 122.3 +/- 36.76*** 
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4.5.2 Y-maze Continuous Spontaneous Alternation Behavior Test Performance 

The continuous spontaneous alternation test was performed in a Y-maze for all rats 7 days 

prior to anesthesia exposure. There were no statistical differences in test performance as a result 

of prior treadmill training for either strain, so all strain data was grouped together for comparison. 

GK rats displayed decreased spatial working memory when compared with Wistar controls 

(p=0.044) (Figure 4.2A). Spontaneous alternation percentage was higher for Wistar rats (73.06 + 

9.46, n=32) than GK rats (67.63 + 12.5, n=32) as measured using an unpaired Student’s t-test. 

There was also a notable decrease in exploratory behavior between strains during the continuous 

spontaneous alternation test. GK rats completed significantly fewer arm entries than Wistar rats 

during maze exploration (23.78 + 6.833, n=32 for Wistar, 12.88 + 3.687, n=32 for GK, p<0.001) 

(Figure 4.2B). Overall, GK rats display a decrease in spatial working memory in addition to a 

decrease in maze exploration, similar to a previous report[283].  

 

15 min 142.1 +/- 35.84 250.5 +/- 75.01*** 

30 min 149.6 +/- 32.03 313.6 +/- 60.93*** 

60 min 103.9 +/- 18.6 314.2 +/- 74.04*** 

120 min 82.47 +/- 11.6 242.8 +/- 79.77*** 
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Figure 4.2 – GK rats perform worse than Wistars on a test of spatial working 
memory.  

A) Wistar (W, n=32) rats were more likely than GK rats (n=32) to alternate between 
maze arms during Y-maze exploration (Student’s t-test, p=0.044). B) GK rats perform 
significantly fewer arm entries during maze exploration when compared with Wistar rats 
(Student’s t-test, p<0.001). Results are represented as group mean with standard 
deviation. 
 

4.5.3 Anesthetic Emergence and Recovery 

There were no significant main effects of genotype or activity in sticky dot test 

performance from rats receiving sham anesthesia (data not shown). There was no difference 

between any groups in time to emergence from isoflurane as determined by two-way ANOVA 

(Figure 4.3A). Active rats showed a significant reduction in time to notice the sticky dot following 

isoflurane anesthesia (two-way ANOVA, (F(1,28)=8.197, p=0.008, Figure 4.3B).  The recovery 

period was defined for each rat as the difference in time from return of righting reflex to the first 

sticky dot removal attempt. Active rats recovered more quickly following return of righting reflex 

than those that remained inactive (two-way ANOVA, (F(1,28)=8.585, p=0.006)). 
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Figure 4.3 – Exercise hastens recovery from general anesthesia in both Wistar 
and GK rats but has no effect on anesthetic emergence.  

A) For rats receiving general anesthesia, there was no effect of genotype or exercise on 
the time to emergence from isoflurane anesthesia, defined as the time from ISO OFF to 
return of the righting reflex. B) Exercise decreased the time to notice the sticky dot for 
both Wistar and GK rats (F(1,28)=8.197, p=0.008). 
 

4.5.4 PSD-95 Levels in Hippocampus 

Synaptic protein levels in the hippocampus showed a significant interaction between 

diabetes and exercise (Two-way ANOVA (F(1,23)=34.47, p<0.001). Western blots are pictured in 

Figure 4A. Treadmill exercise increased hippocampal PSD-95 levels for both Wistar (p<0.001) 

and GK rats (p=0.016). Wistar rats displayed a larger increase in PSD-95 levels as a result of 

exercise than GK rats (p<0.001) (Figure 4B). 
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Figure 4.4 - Wistar and GK rats both demonstrate increased PSD-95 levels in 
hippocampus after 10-days of treadmill exercise.  

A) Western blots for PSD-95 from hippocampal tissue are shown. B) Exercise increases 
hippocampal PSD-95 levels (Interaction effect, F(1,23)=34.47, p<0.001). Hippocampal 
PSD-95 levels increased in both Wistar (p<0.001) and GK rats (p=0.016), but Wistar 
rats demonstrate a greater overall increase in PSD-95 from pre-exercise levels 
(p<0.001). 
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4.6 Discussion  

Our results highlight the positive effect of exercise on recovery from anesthesia. In both 

the diabetic GK and control Wistar rats, 10 days of moderate exercise hastened recovery after 

isoflurane anesthesia.  

The GK rats in the present study displayed higher fasted blood glucose levels and impaired 

glucose metabolism compared with Wistar rats. GK rats also demonstrated decreased spatial 

working memory performance and overall activity levels at 3 months of age. Delayed emergence 

from general anesthesia can be a cause of serious concern in the immediate and intermediate 

postoperative period[284]. When anesthetic factors are ruled out, the delayed emergence may be 

caused by metabolic disorders or perioperative complications such as cerebral hypoxia or 

hemorrhage. Despite impaired glucose metabolism, differences in activity levels and a mild 

decrease in spatial working memory, emergence from anesthesia was unaffected in GK rats. 

Similarly, we saw no difference in anesthetic recovery time, as measured using the modified sticky 

dot test, between Wistar and GK rats.   

Both strains were able to adapt to a moderate daily exercise routine consisting of forced 

treadmill running. Prehabilitative exercise training decreased the time to recovery from general 

anesthesia for both diabetic and control rats. While our initial hypothesis was that exercise may 

hasten recovery in diabetic rats, it was surprising that exercise also hastened recovery time in adult 

control rats. Young adult humans, without additional medical diagnoses like DM or 

neurodegenerative disease, are not often thought of as at risk for postoperative cognitive problems 

that might be mediated through prescription of exercise[285, 286]. While comparing relative ages in 

humans and rats is fraught with difficulty, the 3-4 month age range for rats included in our 

experiments would place them developmentally between sexual maturity at 6 weeks and the end 
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of skeletal growth at 7-8 months[287]. Future studies on the influence of exercise on anesthetic 

recovery in rodents may benefit from a focus on physiological changes resulting from exercise that 

may correlated with hastened anesthetic recovery that can be seen in healthy adult rats. 

Cognitive complications in the acute recovery period from surgery are correlated with 

lengthened hospital stays and an increased likelihood of readmissions in the subsequent 30 

days[107]. Early postoperative mobilization and exercise appears to be an effective step towards 

reduction of cognitive impairments[285, 288, 289], and preoperative exercise remains a promising 

intervention for improving patient fitness for surgery[230]. In humans, exercise interventions have 

been shown to increase performance on learning and memory tasks. These benefits have been 

hypothesized to result from an increase in factors promoting neurogenesis and synaptogenesis 

following exercise, including upregulation of neurotrophins such as brain derived neurotrophic 

factor (BDNF)[281] and increased proteins regulating synapse growth and stability such as PSD-

95[277]. The binding of BDNF to TrkB receptors has been shown to regulate the transportation of 

PSD-95 to the synapse and, in addition, the formation of PSD-95-TrkB complexes is important 

for intact BDNF signaling[290]. Indeed, studies in rats using similar treadmill designs with low or 

moderate intensity exercise have demonstrated increases in hippocampal BDNF and PSD-95 

levels that correlate with improved performance on memory tasks[291].  

Our results demonstrate increased PSD-95 levels in hippocampus following treadmill 

exercise, suggesting that our exercise regimen was effective for increasing factors that regulate 

synapse integrity in rats. We did observe a significant difference in PSD-95 protein levels 

between active Wistar and GK rats. Insulin signaling in the brain has been shown to an important 

regulator of synapse growth and stability. For example, activation of insulin receptors has been 

shown to increase PSD-95 synthesis in hippocampus through the PI3-kinase-Akt-mTOR 
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pathway[292]. It is possible that the difference in PSD-95 levels between strains following 

exercise is due to insulin resistance in the GK rats. The present study did not assess blood 

glucose or insulin levels following treadmill exercise in the Wistar or GK rats. A previous report 

using a higher intensity, 8-week treadmill exercise regimen in the GK rat demonstrated no 

change in glucose concentrations in blood plasma after training, however there was a significant 

decrease in insulin concentrations. Further study is needed to determine if changes in PSD-95 

levels in these strains are dependent on alterations in insulin signaling following exercise. 

The results of this study show that exercise is effective for reducing recovery time 

following isoflurane general anesthesia. Altogether these observations suggest that prehabilitative 

exercise may help to improve cognitive outcomes in patients receiving general anesthesia. 
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Chapter 5 - General Discussion 
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5.1 Introduction 

The modern history of anesthesia is inherently linked with the modern history of surgery. 

As the practice of anesthesiology developed and knowledge within the discipline progressed, 

surgical procedures became longer and more invasive. Successful open-heart surgery was 

performed within 100 years of the 1846 public demonstration of ether by William Morton. 

Successful organ transplants were performed by the 1950s. Surgery has gradually become a 

safer, more routine and increasingly out-patient procedure. As a result, patient risk factors are 

often the most significant considerations for operative success and there is an increasing focus on 

optimizing preoperative and postoperative care to improve surgical outcomes. Most often 

successful surgeries result in improvements in the health of the patient. These might lead to a 

more active lifestyle and result in cognitive improvement. However, it is also clearly 

demonstrated that cognitive disturbances can result from surgery in humans, especially in the 

vulnerable brains of the very old, very young and the very sick. A better understanding of the 

risk factors and etiology of these conditions will result in better pre-, peri- and postoperative 

treatments. 

There are currently no accepted animal models for perioperative neurocognitive disorders 

(PNDs), such as postoperative delirium (POD) and persistent perioperative neurocognitive 

disorders (PPNDs) which used to be grouped under the vaguely defined (POCD). Previous 

experiments in animals have shown anesthesia-induced deficits on learning and memory tasks 

lasting days to weeks, suggesting that POCD could arise from similar anesthesia-induced 

mechanisms[116, 118]. A major caveat of these experiments is neither the neurocognitive 

assessments performed in humans nor the cognitive tests performed in rodents have been 

standardized between research groups, which makes the interpretation of conflicting clinical and 
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preclinical results difficult. The potential for future standardization of the clinical screening for 

mild and major NCD (the proposed nomenclature changes for POCD) will also create more 

favorable parameters for translatable preclinical experimentation.  

Despite these concerns, anesthesia has well-validated and reproducible behavioral effects 

that are advantageous for the study of anesthetics in preclinical models. In C. elegans, 

immobility is a behavioral proxy for achievement of surgical anesthesia. In fish, anesthesia is 

sufficient for surgery when there is a loss of equilibrium and muscle tone combined with a lack 

of response to touch. In amphibians, surgical anesthesia is achieved when righting reflex, gular 

movements and toe pinch reflexes cease. In mammals like rodents, many laboratories distinguish 

between sleepiness due to sedation and unconsciousness consistent with general anesthesia with 

the righting reflex (RR). The loss of righting reflex (LORR) is a commonly used and easily 

determined behavioral marker for the induction of anesthesia and the return of righting reflex 

(RORR) is a convenient behavioral marker for the end of anesthesia emergence. For the 

experiments contained in this thesis, we hypothesized that a reliable behavioral marker for the 

prolonged recovery from anesthesia could be established through ethological observations 

beyond RORR. 

This thesis contains experiments which tested the use of the sticky dot test in the 

assessment of anesthetic recovery in rat models of early AD and type-2 diabetes. Chapter 2 

investigated the behavioral and pathological effects of expression of FAD-associated proteins in 

Fischer 344 rats at 12 and 18 months of age. There were no differences between WT and AD rats 

on cognitive tests performed at 12 months of age, despite significant increases in whole brain 

amyloid-b and GFAP. These results are consistent with the early stages of human AD where 

significant amyloid-b accumulation and chronic neuroinflammation are seen before cognitive 
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symptoms[293]. At 18 months, TgF344-AD rats displayed improved learning and working 

memory performance on the WRAM after 6 months of treatment with the ARB, candesartan. 

Chapter 3 demonstrated hastened emergence from anesthesia followed by delayed recovery in 

TgF344-AD rats in the early stage of AD progression. EEG recordings in rats of the same age 

did not demonstrate any changes in anesthetic sensitivity in response to sevoflurane at 12 months 

between TgF344-AD and WT rats. Chapter 4 contained the results of experiments on anesthetic 

emergence and recovery in Wistar and Goto-Kakizaki rats following treadmill exercise. Wistar 

and Goto-Kakizaki rats did not differ in their duration to emergence or recovery from anesthesia, 

however all rats with prior treadmill exercise recovered more quickly from anesthesia than those 

that remained inactive.  

5.2 Sticky Dot Test 
 

The modified sticky dot test (also known as the adhesive removal test) has traditionally 

been used in rodents as a test of sensorimotor function in the context of neurodegeneration, 

stroke and traumatic brain injury[294]. The sticky dot test also has the benefit of being a very 

sensitive behavioral test, similar to assessments of LORR and RORR, because the adhesive tape 

stimulus is a powerful motivator of stereotyped movements. When the stimulus is applied to the 

forepaw these movements include attempts to pull the tape using the mouth or opposite forelimb 

and rapid shaking of the taped forelimb.  

Use of the sticky dot test during recovery from anesthesia in rodents has been reported in 

response to two different anesthetic reversal agents, yohimbine and atipamezole[87]. The 

contained work demonstrates that the sticky dot test is sensitive to changes in the duration for 

recovery of sensorimotor function following anesthesia exposure in rodent models of disease. 

12-month-old TgF344-AD rats displayed an increased duration to notice the sticky dot stimulus 
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when measured from both the end of isoflurane administration (MAD=2195s) and from the end of 

emergence (MAD=1935s) when compared with WT littermates (MWT=1340s & MWT=1039s, 

respectively). We also reported a generalized main effect of exercise to hasten anesthetic 

recovery in diabetic and control rats, as measured by a decrease in the time to notice the sticky 

dot. 

Our utilization of the sticky dot test involves the use of tape on one forepaw and we 

reported only the time to notice the sticky dot test. In contrast, in stroke and lesion studies, 

rodents often have tape placed on multiple paws and the time to successful removal is also 

reported. In our experiments, the tape stimulus needed to be very securely affixed to the forepaw 

in order to remain in position throughout the entire duration of emergence and recovery. Our rats 

were often unable to remove the adhesive tape on their own during our observation. This 

approach limits our ability to objectively measure motor coordination during late recovery using 

this assay. 

The adhesive removal test was originally designed as a preclinical analog for the Double 

Simultaneous Tactile Stimulation exam used in humans to identify unilateral brain damage[294]. 

In stroke and lesion studies, rodents will reliably first notice and attempt to remove adhesive tape 

positioned ipsilateral to damage. Adhesive tape positioned contralaterally is usually detected 

later, or not at all in the case of significant damage. Our use of the test administers only one 

stimulus, but it is still sensitive to the time for detection of this stimulus. In lesion and stroke 

models, delays in contralateral time to notice the sticky dot have been proposed to be related to 

damage to sensory-motor cortex or due to sensory hemi-neglect. Sensory hemi-neglect is 

reported to be especially pronounced in response to damage to the right hemisphere in humans 

and has been demonstrated in response to damage in frontal cortex, posterior parietal cortex, 
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subcortical areas and white matter[295-297]. One study in rats receiving middle cerebral artery 

occlusion (MCAO) found that sensory deficits (latency to contact contralateral sticky dot & 

latency between contact of ipsilateral and contralateral sticky dot) were correlated with the 

degree of thalamic atrophy[294]. In humans, treatment of sensory hemi-neglect focused on 

dopaminergic and noradrenergic pathways have shown positive results[298, 299]. These brain 

regions and pathways are all proposed to be important for the mechanisms for alterations of 

consciousness induced by anesthetic drugs and the subsequent emergence from anesthesia. 

5.3 Emergence from Anesthesia with AD 

The concentration of an anesthetic required to induce anesthesia is often greater than the 

concentration of anesthetic at which an individual will emerge from anesthesia. This 

phenomenon is referred to as “neural inertia”, the degree of resistance to state changes between 

wakefulness and unconsciousness[300]. Our work did not examine dose response for induction 

and emergence to a single anesthetic. However, in separate TgF344-AD rat cohorts, we 

demonstrated hastened emergence from isoflurane anesthesia and resistance to burst suppression 

under sevoflurane anesthesia. These results could be consistent with either a collapsing of neural 

inertia in AD or a generalized rightward shift in the dose response to anesthesia in AD. We 

speculate that these results likely result from a collapse of neural inertia. The Kelz lab at UPenn 

created dose response curves for induction of anesthesia with halothane, isoflurane and 

sevoflurane in 3xTgAD mice and found a consistent resistance to volatile anesthetics compared 

with WT mice[245]. The average EC50 for emergence was unchanged between WT and Tg3xAD 

mice, suggestive of a collapsing of neural inertia with AD. Neural inertia was not mentioned in 

their manuscript, which predates the published definition of neural inertia by 5 months (although 

this definition was also authored by the Kelz lab). Neural inertia has only been quantified in the 
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context of anesthesia, however considering the conceptual definition an increase in sleep/wake 

transitions would suggest changes in neural inertia. Increased sleep fragmentation is common in 

Alzheimer’s disease and has been observed in TgF344-AD rats at 17 months (Kreuzer et al., in 

review). 

The mechanisms underlying control of neural inertia are only partially understood in 

animals. Manipulation of genes associated with sleep homeostasis in Drosophila Melanogaster 

have a tendency to cause a collapsing of neural inertia[301]. Experimental stimulation of midbrain 

cholinergic and dopaminergic pathways can induce emergence from anesthesia, suggesting that 

these pathways can play a role in regulation of state changes between consciousness and 

unconsciousness. However, slice experiments demonstrate no changes in hysteresis loops due to 

changes in tissue excitability, which would be expected if neural inertia is a consequence of brain 

activity rather than pharmacokinetics of the drugs being delivered[302].  

 The quantification of neural inertia is a relatively new field of study and potential 

methods have only recently published in humans. Slow-wave activity measured by EEG appears 

to display hysteresis from induction to emergence similar to the behavioral effects seen in animal 

studies, however humans did not display any hysteresis in the concentration of anesthesia 

necessary for loss and return of behavioral responses[303]. In this study, an increase in neural 

inertia was seen in older individuals which also correlated with increased delirium and confusion 

in the first 15 minutes following emergence. Older individuals tended to get “stuck” in an 

unconscious state with EEG patterns dominated by slow-wave activity even when drug 

concentrations reached nearly 0 MAC, before abruptly transitioning to wakefulness. It is worth 

noting that only patients with clear slow-wave activity during emergence could be included in 
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this analysis, though most study participants did display slow-wave activity both during 

induction and emergence.  

We examined rats that demonstrated characteristics of early AD. Alterations in 

excitatory/inhibitory (E/I) balance are common in AD and patients with MCI/AD are at an 

increased risk for seizure. The accumulation of amyloid appears to directly impair normal 

GABAergic activity in cortex, resulting in reduction of cortical inhibition and increasing the E/I 

ratio. In early stages of AD, the spectral power of the EEG increases in the theta range (4 – 8 Hz) 

while beta (14 – 40 Hz) power decreases. With cell loss in later stages of AD in humans, EEG 

delta (0.5 – 4 Hz) power increases as alpha power decreases[304]. The neurological changes 

underlying these trends in neurophysiological recordings may exacerbate changes in neural 

inertia. While all alterations in pathways important for sleep homeostasis in Drosophila resulted 

in the collapse of neural inertia, rats possess a more complicated neuroanatomy than flies. The 

TgF344-AD rat may show promise as a model for future study into the mechanisms underlying 

neural inertia and changes in hysteresis loops resulting from disease mechanisms. If neural 

inertia does collapse as a function of disease progression, this could create a scenario where 

patients who are the most sensitive to cognitive dysfunction after surgery with general 

anesthetics actually require higher drug concentrations to maintain surgical anesthesia.  

5.4 Recovery from Anesthesia with AD 

In our experiments, 12-month TgF344-AD rats were significantly delayed in their 

recovery from isoflurane general anesthesia. At 12 months of age, these rats display evidence of 

amyloid-b accumulation and increased astrocyte activity despite a lack of cognitive symptoms.  

As age advances throughout adulthood, there is a reduction in the concentration of 

anesthetic drugs required to prevent movement. In other words, sensitivity to anesthetic drugs 
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increases in advanced age. Older rats with increased sensitivity to anesthetics demonstrated a 

delayed emergence from isoflurane and propofol compared to young rats. These results suggest 

that altered pharmacodynamics due to aging underlie the delay in behavioral endpoints observed 

following anesthesia. Decreasing the strength of arousal pathways or increasing the rate of 

cortical inhibition have both been hypothesized to underlie changes in anesthetic sensitivity. 

Normal aging is associated with both thinning of cortical grey matter and degeneration of arousal 

systems. AD causes widespread neurodegeneration and is known to impact sleep/wake cycle, so 

AD seemed likely to influence anesthetic sensitivity.  

We found that early AD does not increase sensitivity to sevoflurane anesthesia as 

measured by burst suppression ratios. Further, AD rats appeared to demonstrate resistance to a 

moderately high dose of sevoflurane compared with WT rats. While isoflurane and sevoflurane 

are not the same anesthetic, they are both halogenated ether anesthetics with primary action on 

GABAARs and similar off target receptor effects. The anesthetic sensitivity changes 

demonstrated previously in humans and rats have shown consistent changes in sensitivity across 

the GABAergic anesthetics. A change in anesthetic sensitivity to isoflurane would not be 

expected to occur without a complimentary change in anesthetic sensitivity to sevoflurane. The 

observed delay in recovery in TgF344-AD rats is not likely to be due to changes in 

pharmacodynamics from the anesthetic. 

In regard to cognitive function specifically, the recovery of cognition following surgery 

with anesthesia appears to occur when there is a return of complexity in cortical information 

which is successfully integrated between brain regions and unencumbered by perioperative 

neurological damage. Preclinical evidence suggests that perioperative neurological damage can 

result from neurotoxic actions of anesthetic drugs. Specifically, volatile anesthetics have been 
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shown to increase caspase activity and amyloid accumulation. Excessive anesthesia doses appear 

to also be associated with weakening of the integrity of the BBB[144], making the brain more 

vulnerable to damage from peripheral inflammation. We found evidence of increased amyloid-b 

and GFAP in TgF344-AD rats following exposure to high concentrations of sevoflurane. The 

anesthesia protocol and drug used for the EEG and emergence/recovery experiments were 

different, however these results are useful for informing future studies regarding delayed 

recovery in AD rodent models. 

5.5 Emergence and Recovery from Anesthesia with T2DM 
 

Goto-Kakizaki rats are a non-obese, type-2 diabetes model derived by multiple 

generations of selective breeding of rats with high blood glucose concentrations. These rats did 

not receive supplemental insulin for management of blood glucose. Given that emergence times 

were also unchanged between Wistar and GK rats, isoflurane anesthesia alone appeared to be 

well-tolerated overall by GK rats.  

This was surprising considering that diabetic status increases the risk for both POD and 

POCD. Additionally, patients with “poorly controlled” diabetes are assigned an ASA surgery 

risk classification of 3. Separate studies identifying surgery risk using ASA status have found 

that POD and POCD risk increases with ASA classifications above level 2. Diabetes can alter 

cerebral vasoregulation & glucose metabolism, impair cognitive performance, cause chronic 

neuroinflammation and lead to grey matter atrophy in the brain. All of these factors are likely to 

influence individualized risk for postoperative neurocognitive disorders. It is less clear whether 

diabetes is associated with any common localized impairments in brainstem or midbrain systems 

important for arousal. Sleep disorders are common in humans with T2DM, however this 

association is likely not due to impairments in glucose metabolism. T2DM often presents in 
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individuals with obesity and obesity increases the risk for sleep apnea. Sleep apnea causes sleep 

fragmentation, reducing sleep quality and duration while also increasing daytime sleepiness. 

Interestingly, shorter average sleep duration has been identified as a risk factor for later 

development of T2DM in children[305]. Interpretation of this data creates a chicken/egg problem, 

are sleep disorders an early step in pediatric T2DM pathogenesis or are shorter sleep durations 

caused by early T2DM pathogenesis? In mice, Zhang et al. demonstrated neuron loss in locus 

coeruleus resulting from metabolic stress brought on by extended wakefulness[306]. Sleep 

disturbances are also associated with alterations in energy metabolism and appetite that increase 

obesity risk[307], thereby increasing risk for sleep apnea. Future investigations on recovery from 

anesthesia considering diabetic status may want to consider differentiating between type-1 and 

type-2 diabetic patients or include obesity/BMI as an interacting factor. 

Regarding preclinical models, previous study in GK rats demonstrated significant 

increases in hypothalamic dopamine and noradrenaline concentrations at 7 weeks[308] and altered 

regulation of monoamine transporter gene expression has been seen in streptozotocin-induced 

diabetic rats[309]. Our data do not suggest that there are significant changes in function within 

arousal pathways in GK rats, as evidenced by the similar emergence and recovery durations with 

WT rats.    

5.6 Recovery from Anesthesia after Exercise Training 

Two weeks of treadmill exercise prior to anesthesia exposure significantly reduced the 

time to notice the sticky dot in both diabetic and control rats. Time to emergence from anesthesia 

was unchanged in Wistar and GK rats following exercise. Exercise consisted of 30 minutes of 

ambulation on a treadmill with a belt speed of 15 m/min., a setting that forces the adult rat to 
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maintain a brisk walk to avoid a tail shock. The hastened recovery in both strains was also 

associated with increased PSD-95 within hippocampus.  

This observation is important for two reasons. First, it verifies that our treadmill settings 

were effective to stimulate expression of factors important in synapse development and stability 

in hippocampus. There appears to be an inverted-U shaped relationship between exercise stress 

and the expression of PSD-95. Exercise has been demonstrated to increase factors promoting 

synapse development like PSD-95 and BDNF. However, high intensity exercise is less efficient 

at increasing these factors than lower intensity routines.  Shih et al. found that high intensity 

exercise (20 m/min) in rats resulted in no change in cognitive performance or in PSD-95 or 

BDNF levels in hippocampus from baseline[291]. However, low intensity exercise (8 m/min) 

resulted in improved cognitive performance and increased levels of PSD-95 and BDNF. Second, 

exercise has a number of beneficial health effects, but perhaps the most direct effect on the brain 

is the stimulation of neuroprotective and synaptogenic processes. PSD-95 is required for the 

organization of the excitatory postsynaptic density[310]. Decreases in PSD-95 in hippocampus 

have been reported following exposure to volatile anesthetics in mice and rats that are associated 

with post-anesthesia cognitive decline[311-313]. Cognitive impairments and reductions in PSD-95 

associated with exposure to volatile anesthesia have been rescued in AD transgenic mice with 

cyclophilin D knockout. Cyclophilin D regulates the opening of the mitochondrial permeability 

transition pore. Dysregulation of mitochondrial permeability can lead to mitochondrial swelling 

and damage followed by neuron death[311]. This suggests a potential role for mitochondrial 

damage underlying anesthesia induced reductions in PSD-95. Interestingly, reductions in PSD-95 

in spinal cord have been demonstrated to increase sensitivity to isoflurane anesthesia[314, 315], 

likely due to weakening stability of NMDA receptors and decreasing excitatory tone[316]. 
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However, we did not see changes in time to emergence from anesthesia after exercise, suggesting 

that exercise did not change anesthesia sensitivity in our rats. Therefore, improved recovery from 

anesthesia after exercise is likely due to improved neurological function following anesthesia 

rather than exercise-induced alterations in the pharmacodynamics of anesthetics. 

5.7 Relationship between T2DM and AD 

 T2DM greatly increases susceptibility to AD. Changes in circulating insulin levels and 

evidence of insulin resistance within the brain have been reported in sporadic Alzheimer’s 

disease. Increased insulin levels may play a role in amyloid-b clearance. The insulin degrading 

enzyme will degrade both insulin and amyloid-b, but shows preference for insulin when 

circulating insulin levels are high. Insulin signaling in the brain modulates glycogen synthase 

kinase 3 (GSK3), which itself has a role in the phosphorylation of tau. Insulin resistance has 

therefore been hypothesized to be a cause of pathological tau hyperphosphorylation. T2DM itself 

has been demonstrated to decrease brain volumes and cognitive function. 

 Late onset diabetes has been proposed by some to be a “type 3 diabetes”. Administration 

of intranasal insulin has shown promise in improving cognitive function in animal studies as well 

as in both cognitively healthy and MCI/AD patients. These improvements have been correlated 

with preserved brain volumes after intranasal insulin administration that correlated with 

improvements in cognitive function. However, there a number of unanswered questions 

regarding the relationship between T2DM and AD. First off, the time course of insulin resistance 

in the brain has not been demonstrated in relation to other pathological developments in AD. It is 

possible that insulin resistance develops as a result of prior stages in AD progression. T2DM also 

affects vascular health and could exacerbate AD pathology through mechanisms that align more 
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closely with the vascular hypothesis of AD. However, the lack of a clear pathogenesis for 

sporadic AD makes insulin signaling in AD an interesting topic for further investigation. 

 Despite the established connections in disease pathology, our results do not contribute 

much to conversations concerning the interactions between T2DM and AD. For one, there is a 

large gap in the ages of rats used within these studies (GK: 3-4 months, TgF344-AD: 12 

months). If disruptions in insulin signaling are involved in sporadic AD then clearly pathology 

takes many years, decades even, to manifest in disease symptoms in humans. GK rats have been 

proposed as a promising preclinical model for an T2DM-associated AD-like phenotype, because 

these rats are non-obese and develop metabolic changes mimic human disease progression with a 

pre-diabetes-like state preceding T2DM, but we did not assess AD-protein levels in our GK rats.  

However, one study has characterized alterations in plasma tau in GK rats at 3 months. This 

study also found a decrease in plasma BDNF at 3 months. Pintana et al. found that at 12.5 

months of age, female GK rats have increased whole brain amyloid-b and decreased PSD-95 as 

measured by Western Blot. Phosphorylated tau was also shown to be increased at this age; 

however, the effect was similar between Wistar and GK rats. Given the interest in further study 

of the role of T2DM and AD in postoperative neurocognitive disorders, the GK rat may present a 

promising preclinical model for future experimentation. 

5.8 Summary 

 Alzheimer’s Disease and type-2 diabetes are both important patient considerations for an 

individual’s fitness for surgery and risk of postoperative cognitive changes. Our work 

demonstrates the ability to identify changes in the behavioral and neurophysiological response to 

anesthetics in the immediate emergence and recovery from general anesthesia. In an AD rat 

model, altered emergence and recovery could be seen early in disease progression, before 
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cognitive changes were apparent. Hastened recovery could also be observed following 10-days 

of moderate intensity exercise in Wistar rats and the Goto-Kakizaki type-2 diabetes rat model.  

In humans, recent evidence supports the idea that EEG features rather than behavioral 

endpoints may be more promising for evaluating changes in emergence (Figure 5.1). Features of 

the EEG can help to narrow hypotheses into the underlying causes of patient specific delays in 

emergence or impaired cortical recoveries from surgery.  Emergence trajectories discovered via 

qEEG analysis are associated with postoperative pain, POD risk and can be used identify 

changes in neural inertia. 
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Figure 5.1 – Hypothetical EEG correlates of different postoperative emergence 
durations.  

10-minutes of simulated patient data displaying spindle-dominant slow-wave anesthesia 
(sdSWA), followed by emergence is displayed in panel A. Simulated recordings begin at 
the point where administration of the anesthetic is stopped and the pink arrow below 
displays the expected time of emergence. B) Time to emergence is delayed due to 
increased sensitivity to anesthetics. Burst suppression is present at the start of the 
recording, indicating that this patient would have been excessively anesthetized for 
surgery. Delayed behavioral response is explained by decreased resilience to 
anesthetic drugs. Hypothetical population-average dose response curves for baseline 
response and those with increased anesthetic sensitivity during induction and 
emergence are displayed in panels C & D, respectively. E) EEG recording of hastened 
time to emergence. Hastening of emergence could be due to collapse of neural inertia if 
pharmacokinetic explanations are ruled out. Panel F displays population-average dose 
response curves for baseline response and altered neural inertia. Emergence at lower 
doses of residual anesthesia decreases the area contained by the hysteresis loops 
between induction and emergence. 
 

The potential for standardized anesthesia recovery scoring criteria with focus on 

identifying delirium should lead to more informative clinical studies in the future. However, care 

will need to be taken to differentiate characteristics of EA from those of PACU delirium and 

POD, as these conditions are proposed to be grouped within the same future nomenclature. POD 

is associated with serious long-term health problems or mortality, whereas EA tends to resolve 

quickly without further issue. A number of factors have been proposed to be underlying 

impairments in postoperative cognitive recovery. These factors are summarized below in Figure 

5.2. 
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Figure 5.2 – Factors influencing postoperative cognitive recovery. 
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5.9 Persistent Perioperative Neurocognitive Disorders 

A full recovery from surgery occurs when the patient achieves their preoperative 

physiological state. Clinical postoperative recovery is typically subdivided into three phases. 

Early recovery is the return of reflexes and motor function, similar to what we have chosen to 

call ‘emergence’ in our rats. Intermediate recovery occurs when the patient is judged to meet 

criteria for discharge. Late recovery is the return of the preoperative physiological state. 

While criteria for early recovery are fairly standard from patient-to-patient, the duration 

of intermediate recovery and treatment received during intermediate recovery can vary. 

Following surgery, a patient may pass through multiple care units on their way to discharge. 

Traditionally, transfer to the PACU has been standard procedure following surgery but bypass of 

the PACU (known as a fast-track protocol) for patients following certain minor surgeries is 

becoming more common. Decreasing the time patients spend in the hospital can decrease stress 

and financial burden for patients, families and healthcare providers. However, addressing these 

concerns must be balanced with an understanding that postoperative cognitive impairments are 

currently underdiagnosed and can be indicative of long-term problems.  

Given the general interest in decreasing the time that patients spend in the hospital, it is 

tempting to opt for anesthetic protocols that hasten emergence in an attempt to decrease the time 

to discharge. Our results highlight the need to treat the emergence and recovery from anesthesia 

as distinct clinical endpoints. A test of sensorimotor function appears to be a reliable marker for 

identifying delays in the recovery from anesthesia in rodents. Inclusion of sensorimotor stimulus 

discrimination tasks in the postoperative screening of patients may prove beneficial for non-

invasive assessment of function related to cortical integration where EEG recordings are not 

possible. 
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5.10 Future Directions 

 General anesthesia has been described as a “stress test” for the brain. Neurologically and 

cognitively healthy patients appear to tolerate general anesthesia well and recover without ill 

effects. Special considerations must be given to individuals during early development and 

advanced age, especially in aged individuals with neurodegeneration, neuroinflammation, or 

damage to the cerebrovasculature/BBB. In children less than 3 years old, multiple exposures to 

general anesthesia has been linked with increased risk for development of ADHD[317, 318]. As 

mentioned, aging predisposes surgical patients to POD. The etiology of both of these conditions 

have been linked to brain regions import for attention and awareness, including posterior 

cingulate cortex and other regions within the default mode network[319-321]. In both groups, it is 

difficult to differentiate between the influence of anesthesia and the surgery itself on the 

postoperative outcomes. The 2015 National Anesthesia Clinical Outcomes Registry reported that 

approximately 1/3rd of the uses of general anesthesia now take place outside of the operating 

room, with colonoscopy being the most common non-OR procedure performed with general 

anesthesia. Many of these procedures can be completed with light sedation rather than surgical 

anesthesia. In practice, sedation during colonoscopies may in fact be more comparable with 

surgical anesthesia than expected, as reviews of BIS-guided anesthesia during colonoscopy have 

shown average anesthetic BIS index of approximately 58-59, and ranging from 22 to 88[322, 323]. 

Non-OR procedures could provide a venue for the study of general anesthesia as a “stress test” in 

humans without the additional stress of surgery.  

Numerous studies have used the adhesive removal test following focal brain damage, 

however, there has not been a clearly defined brain region or collection of brain regions 

identified that contribute to sensory deficits on the task. Whole brain infarct size appears to be 
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the measure best correlated with sensory dysfunction on the task[294]. The return of pre-anesthesia 

levels of cortical sensorimotor integration may influence the latency to investigate the sticky dot, 

but this hypothesis needs to be tested. The Wada test has been used in humans to anesthetize 

each hemisphere of the brain independently for the evaluation of lateralization of brain functions 

in epilepsy patients prior to ablative surgeries[324]. Hemispheric drug delivery methods are also 

available in rodents. A rodent version of the Wada test may provide an opportunity to rigorously 

test for brain activity correlated with successful completion of the sticky dot test in rats.  

In humans, preoperative and postoperative physical activity appears to be an important 

factor in postoperative recovery and cognitive health. Increasing postoperative physical activity 

has been demonstrated to decrease overall hospital length of stay[325]. Preoperative exercise 

capacity measured on a six-minute walking test (6MWT) has been identified as a predictor for 

POD[230]. Ogawa et al. found that patients that were unable to walk further than 345 meters 

during 6MWT prior to cardiac surgery. Our experiments did not demonstrate that improved 

recovery from anesthesia was reliant on BDNF signaling through TrkB receptors. Previous 

research has demonstrated beneficial effects of BDNF on cognitive health without directly 

demonstrating TrkB receptor activation. While BDNF does not cross the BBB, a number of 

studies have demonstrated correlations between serum BDNF levels and cognitive performance 

or severity of symptoms in behavioral disorders[326].  Significant decreases in serum BDNF levels 

during surgery have been associated with POD risk[327] and decreased postoperative serum 

BDNF levels have been associated with POCD[328]. Increased serum BDNF levels have also been 

correlated parietal cortex activity during a sensory integration task[329]. 

Isoflurane has been shown in cell culture and in rodents to upregulate caspase 3 activity 

and amyloid-b, providing a potential explanation for anesthetic neurotoxicity. BDNF may be 
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beneficial to counteract both of these processes and limit neuron loss due to anesthesia. Increased 

BDNF-TrkB signaling can decrease neuron apoptosis by downregulating the activity of caspase 

3. BDNF also appears to limit amyloid-b production by promoting the processing of APP into 

soluble proteins by increasing the activity of a-secretase[330]. BDNF also affects glutamatergic 

and GABAergic signaling. BDNF appears to increase NMDA receptor activity and decrease 

GABAAR activation[331]. These effects are thought to increase the likelihood of long-term 

potentiation needed for synaptogenesis. However, modulation of both neurotransmitter pathways 

is dependent on TrkB receptor activation. BDNF also binds with p75 receptors, but this 

interaction is thought to primarily lead to apoptosis and therefore increased BDNF-p75 signaling 

is unlikely to underlie the beneficial effects of exercise. If the benefits of exercise are mediated 

by BDNF signaling it is likely to occur through a mechanism involving BDNF binding to TrkB 

receptors. BDNF-TrkB interactions can be limited in rodent studies via administration of TrkB 

receptor antagonists, such as ANA-12. Whether exercise hastens recovery through a mechanism 

dependent on BDNF-TrkB interactions could be investigated in future experiments via 

administration of ANA-12 prior to treadmill exercise. 

  



133 
 

Chapter 6 - Appendix 
 
Appendix 1 – Immunohistochemistry Image Analysis 
 
 Automated image analysis techniques are available that can be used to quickly quantify 

staining properties within an a region of interest (ROI) in a scanned brain slice image. When 

images are scanned, the image information is stored with numerical values that describe each 

pixel’s color. More specifically, color is represented by quantifying a pixel’s hue, saturation and 

value. Positive pixel count analysis creates a threshold for the combined hue, saturation and 

intensity ranges that qualifies each image pixel as positive or negative for defined characteristics. 

In these experiments, positive pixel count analysis was used to compare the levels of amyloid-β 

and GFAP between WT and TgF344-AD rats. 

A1.1 Hue, Saturation and Value 

 For our experiments, we imported Brightfield images to Qupath and image colors in 8-bit 

depth with red, green and blue (RGB) values. With 8-bit depth, each pixel represents the value of 

red, green or blue on a continuum from 0 to 255. Each pixel in the raw image represents a 

summation of the RGB values (demonstrated in Figure A1-1).  

 
 

 
 

Figure A1-1:  Comparison of the raw image with the RGB values from each color 
component 

With 8-bit depth, each pixel represents the value of red, green or blue on a continuum 
from 0 to 255. Values closer to 0 appear darker. Values closer to 255 appear brighter. 
 

Red Value Green Value Blue ValueRaw Image
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 We used positive pixel count analysis for our stain quantification. This technique is 

primarily based on quantification of the pixel value. Qupath analyses images by segregating 

stains and background based on their hue and saturation. These concepts are represented 

graphically in Figure A1-2. Value describes how light or dark the pixel appears. Maximum RGB 

values (255, 255, 255) appear as pure white and minimum RGB values (0,0,0) appear as pure 

black. Brightfield images are backlit with a white light, so all image backgrounds are pure white.  

Hue describes the actual color of the pixel created by the combination of red, green and 

blue components. Saturation describes the purity of the color. In Figure A1.2a, colors with higher 

saturation (ex/ pure red, pure green, pure blue) are found towards the outside of the graph, and as 

colors fade and mix saturation drops.  

 

 

 
 

Figure A1-2:  Representation of the complete reproducible color spectrum in 8-bit 
depth, RGB color 

A) Quantificaiton of the hue, separation and value can be used to recreate real world 
colors digitally. Qupath primarily uses differences in the pixel hue and saturation to 
identify different stains in the image (and the image background). Qupath primarily uses 
pixel value for quantification of the stained area when using positive pixel count 
analysis. B) Normalized hues that can be recreated by mixing red, green and blue pixel 
content. Reproduced from Min, K.-P.; Kim, G.-W. Photo-Rheological Fluid-Based 
Colorimetric Ultraviolet Light Intensity Sensor. Sensors 2019, 19, 1128[332]. This image 
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was made available with permissions through Creative Commons Attribution License 
4.0. 
 
 
 
A1.2 Positive Pixel Count Analysis 

DAB staining was performed on brain slices for the presence of amyloid-β (antibody: 

4G8) and astrocyte activity (antibody: GFAP). DAB is colocalized to a protein of interest using 

primary and secondary antibodies. The presence of a protein of interest is then confirmed by 

reacting DAB with horseradish peroxidase and hydrogen peroxide. This reaction oxidizes DAB 

and creates a dark brown stain. Surrounding tissue is counterstained with hematoxylin, which 

develops as a light blue stain. Automated image analysis takes advantage of the difference in 

hues between these two stains to identify tissue from background and DAB staining within the 

tissue. 

 The raw image taken from a stained brain slice results in image pixels with colors formed 

from overlapping of the image background, the stain of interest and a counterstain for 

surrounding tissue. This decreases pixel saturation and makes it harder to identify distinct stains. 

Qupath uses a color deconvolution algorithm based on RGB component subtraction to create 

alternative color channels for DAB, Hemotoxylin, and a residual channel[333]. Examples of the 

stain channels for DAB staining in Qupath are represented in Figure A1-3. 
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Figure A1-3:  Comparison of the raw image with the channels for stain 
identification within Qupath 

 
 
 
 Positive pixel count analysis computes the ratio of stained pixels to counterstained pixels 

within a defined ROI. ROIs were drawn using anatomical identification from the Paxinos and 

Watson rat brain atlas[334]. The manual inputs for the positive pixel count analysis are included in 

Table A1-1. To increase computational speed, images were downsampled by a factor of 4 and 

smoothed by a Gaussian function (s=2 µm). Qupath was able to process all images with an 

acceptable stain identification when these performance parameters were used.  

 

Table A1-1:  Qupath Positive Pixel Count Analysis Inputs 

 

 
 
  

Our images for analysis were Brightfield images, so the color of each pixel was used to 

quantify the amount of light that is blocked by stained tissue. We quantified the value of each pixel 

Raw Image DAB Stain Hemotoxylin Stain Residual

 
Category 

 
Input 

Downsample Factor 
 

4.0 

Gaussian s 
 

2 µm 

Hematoxylin Input (‘Negative’) 
 

0.05 OD Units 

DAB Input (‘Postive’) 
 

0.4 OD Units 
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color on a scale from 0 (perfect staining, full light absorbance by DAB or hematoxylin) to 255 

(pure white, no light absorbance). For a 2-D image, the optical density (OD) of each pixel is 

directly comparable to absorbance, and could be computed using the following equation: 

Equation A1-1 

𝐎𝐃 =	−𝐥𝐨𝐠𝟏𝟎(
𝑰

𝑰𝒎𝒂𝒙
) 

Where Imax equals the original light intensity and I equals the measured intensity of the light after 

it is filtered by the brain slice and stains. The expression G
GHIJ

 is also known as the transmittance. 

In this case, transmittance is a ratio of light that passes through brain slice and stains.  

The hematoxylin stain channel was used to determine the area of the ROI for positive pixel 

count analysis. In pixels where the light transmittance is very high, there is likely no brain tissue 

present (due to variations in the tissue slicing or manual drawing of the ROIs). A negative threshold 

of 0.05 OD units (which corresponds to a transmittance above 89%) was chosen because it 

successfully excluded portions of the image containing only background from the ROI. The DAB 

stain channel was used to determine the total number of positive pixels within the ROI. A positive 

threshold of 0.4 OD units (which corresponds to a transmittance below 39%)  was chosen to reduce 

the false positive rate by including only pixels where there was considerable DAB staining. The 

resulting positive pixel percentage is calculated by dividing the downsampled total positive pixel 

count by the downsampled total ROI pixel count. The image threshold parameters are visualized 

in Figure A1-4. An example of the ROI and positive pixel identification is included in Figure A1-

5. 
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Figure A1-4:  Visualization of the light transmittance gradients for both the 
hematoxylin and DAB stains 

A) The hematoxylin stain was used to set the negative threshold for including pixels within 
the ROI. Pixels with a transmittance greater than 0.89 were excluded from the ROI. These 
pixels were unlikely to contain brain tissue. B) The DAB stain was used to set the positive 
threshold for identifying pixels that stained positive for amyloid-β or GFAP. Only pixels 
with a transmittance below 0.4 were included in the positive pixel count. 
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Figure A1-5:  A step-by-step visualization of the positive pixel count analysis 
within Qupath 

Panel 1 contains a raw image with DAB staining for amyloid-β. Panel 2 contains a 
normalized OD image where all pixel colors are rounded to the hue of the nearest stain 
(light transmittance = 0) or to the background (light transmittance = 1). Panel 3 shows 
the positive pixel identification within the normalized OD image, demonstrating how the 
OD thresholding affects the pixel selection. Panel 4 shows the positive pixels overlayed 
on the original raw image. 
 
  

Raw Image
Normalized
OD Image

Normalized OD
w/ Positive Pixels

Raw Image
w/ Positive Pixels

1 2 3 4



140 
 

Appendix 2 – Extended Burst Suppression Analysis Methods 
 
 Burst suppression describes a pattern of EEG where high-amplitude, low-frequency EEG 

voltage changes (bursts) are followed by nearly flat EEG voltage readings (suppression). Burst 

suppression appears during physiological states where cortical activation is severely decreased. It 

has been recorded during general anesthesia, coma and hypothermia. Burst suppression always 

occurs following loss of consciousness and during administration of anesthesia it represents a 

transitionary pattern between slow-wave anesthesia and a completely isoelectric EEG signal. 

Burst suppression is thus referred to as a “deeply” anesthetized state and often considered 

excessive for the purposes of surgical anesthesia.  

 Increasing the stimulus that causes burst suppression (for example, the dose of a general 

anesthetic drug) will reduce the number of observed bursts and increase the duration of the 

suppressions. For this reason, the burst suppression ratio (BSR, as shown in Equation A2.1) has 

been useful as a measurement for the depth of anesthesia: 

 

Equation A2.1 

𝐵𝑆𝑅 = 	
𝑇NOPP
𝑇QPRST

	 

 

Where Tsupp is suppression time and TEpoch is the total time of the analysis window. Non-zero 

values of BSR can be used as a screen for the appearance of burst suppression during general 

anesthesia and higher BSR values are indicative of more suppression of cortical activity. BSR is 

used clinically to guide surgical anesthesia. Although the exact algorithms for computing 

consciousness monitor values are proprietary and therefore not publicly known, published results 

suggest that BSRs above 40% are the sole determinant of the BIS monitor values below 30[160, 
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335]. This appendix will cover the methods used for analysis of the EEG recordings for 

quantification of the burst suppression ratio.  

A2.1 – EEG Acquisition 

 The rodent EEG recordings used for this analysis were performed in anesthetized rats 

within a grounded faraday cage to reduce electrical noise from the environment. The sampling 

rate for recording was 256Hz.  There were minimal movement artifacts due to the use of 

anesthesia. Artifacts were still removed from the signal for any samples where the voltage 

readings were more extreme than ±1mV. As a result, the amount of noise present in raw 

recordings was minor and denoising protocols (outlined in Appendix 3) were used to maximize 

the signal-to-noise ratio prior to determining the BSR from each recording. 

A2.2 – BSR Analysis 
 
 Following denoising and artifact removal, the recording is converted to a binary time 

series where suppression periods are assigned an arbitrary value of 1 and bursts are assigned an 

arbitrary value of 0. First the filtered EEG recordings were replotted based on the absolute value 

of the voltage readings. For the cortical electrode, suppressions of cortical activity were judged 

to be periods where the recorded voltage changes did not rise above 30-38µV. For the 

hippocampal electrode, suppressions of cortical activity were judged to be periods where the 

recorded voltage changes did not rise above 35-44µV. By convention, these thresholds are set by 

eye on the filtered EEG. For subdural EEG recordings in rats receiving sevoflurane, these 

voltage thresholds are comparably low, a benefit of high signal-to-noise ratio in the majority of 

our recordings. 
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 The binary time series denoting bursts and suppressions was then simplified to remove 

suppressions with durations less than 0.5 seconds.  These periods where cortical voltage readings 

were below threshold for less than 0.5 seconds were converted to burst periods.  

 The BSRs were then computed for the entire 15 minutes of EEG recording at each dose 

of sevoflurane. TEpoch was set to 15 seconds for our analysis. We used a sliding analysis window 

with a 14-second overlap between consecutive epochs to create a second-by-second BSR vector 

with 885 total data points for each recording. The middle 600 data points (representing BSRs 

between minutes 2.5-12.5 during the full 15 minute EEG recording) were included to create the 

continuous BSR series for each rat. Figures A2-1 & A2-2 display the mean continuous BSRs for 

each group at each concentration of sevoflurane.  
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Figure A2-1:  Continuous Burst Suppression Ratios calculated from the cortical 
electrode 

Burst Suppression Ratios (BSR) plotted in one second intervals throughout 10 minutes 
of EEG recording from the cortical electrode. The mean BSR from wild type rats is 
displayed in blue and mean BSR from TgF344-AD rats are displayed in orange.  
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Figure A2-2:  Continuous Burst Suppression Ratios calculated from the 
Hippocampal electrode 

Burst Suppression Ratios (BSR) plotted in one second intervals throughout 10 minutes 
of EEG recording from the hippocampal electrode. The mean BSR from wild type rats is 
displayed in blue and the mean BSR from TgF344-AD rats is displayed in orange.  
 
 

Following 15-minutes to equilibrate to each dose of sevoflurane, the BSRs are stable over 

each 10 minute recording. As a result, analysis of the BSR differences between groups and 

between concentrations was completed by reducing the continuous BSRs to a single mean BSR 

for each rat at each sevoflurane concentration. 
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Appendix 3 – Extended EEG Recording Denoising Methods 
 

Wavelets are oscillatory functions which typically begin at zero, increase and decrease in 

a charateristic “wave”, and then settle at zero. Wavelets are useful for digital signal processing 

because they can be used to analyze as signal in both frequency and time. We chose to use the 

“wdenoise” (wavelet denoising) function in MATLAB to remove unnecessary noise from the 

EEG recordings, resulting in improved signal-to-noise ratio. 

Different wavelet functions can be used for the purposes of signal analysis. Selection of 

an inappropriate Mother Wavelet Function (MWT) can bias the results of signal analysis. To 

determine an appropriate MWT for subdural EEG recordings in rats, we analyzed the results of 

signal denoising using 25 different potential MWTs (order 1-10 Symlet wavelets, order 1-10 

Daubechies wavelets, & order 1-5 Coiflet wavelets). Our selection of an appropriate MWT for 

each electrode was based on protocol previously published in Al-Qazzaz et al. 2015[336] and 

Akkar & Jasim 2017[337]. Consistent with these two approaches, we used five levels of signal 

decomposition and a soft SURE threshold for elimination of noise in the EEG signal at each 

level. Figure A3-1 displays an example of the optimal wavelet chosen for the cortical electrode 

EEG recordings, demonstrating the improvement in the signal-to-noise ratio after wavelet 

denoising. 
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Figure A3-1: Comparison of denoised EEG with raw EEG trace 

The raw, unfiltered EEG signal is plotted in blue. The same EEG recording following 
wavelet denoising is overlayed above in orange. Wavelet denoising improves signal-to-
noise ratio, which is important for calculation of the burst suppression ratio. 
 
A3.1 – MWT Selection Methods 
 

For each wild type rat, 60-seconds of continuous, artifact-free, raw EEG were identified 

for analysis. The selected raw EEG segments were divided into sixty, 1-second epochs (256 

samples). Each raw epoch was denoised using the “wdenoise” MATLAB function. The 

correlation coefficient between the denoised epoch and the raw epoch was computed using the 

“xcorr” function in MATLAB with zero phase shift. 

This analysis was completed for all 60 epochs from the EEG recording for each wild type 

rat. This process was then repeated for each of the 25 potential MWTs and summarized for each 

rat by computing the mean correlation coefficient from all 60 epochs. The performance of the 
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MWTs was then compared by computing the mean and standard deviation of the correlation 

coefficients computed for each MWT between all of the rats on study.  

Figures A3-2 & A3-3 summarize the results of wavelet denoising with each of the MWTs 

on the cortical and hippocampal electrodes respectively. Most wavelets performed equally well 

for denoising of the EEG recordings. Ultimately, the tenth order Daubechies wavelet was chosen 

to denoise the cortical electrode recordings and the fourth order Symlet wavelet was chosen to 

denoise the hippocampal electrode recordings. Figure A3-4 compares wavelet denoising to 

denoising with a 60Hz Notch filter and a 0.1-50Hz bandpass filter. 
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Figure A3-2: Selection of db10 wavelet for denoising of EEG recorded from the 
Cortical electrode 

Correlation coefficients computed by cross correlation of the raw EEG signal from the 
cortical electrode with the corresponding denoised EEG signal with a zero phase shift. 
Top: The correlation coefficients for denoised signals computed from Symlet wavelets 
(orders 1-10), Daubechies wavelets (orders 1-10), and Coiflet wavelets (orders 1-5).  All 
denoised signals have correlation coefficients above r=0.95 when compared with the 
raw signal, except those computed with the order 1 Symlet wavelet and the order 1 
Daubechies wavelet. Middle: Comparison of the correlation coefficients for the five 
wavelets with highest group mean values. Bottom: Comparison of the standard 
deviations in the correlation coefficient for each of the wavelets included in “Optimal 
Wavelets” comparison.  The order 10 Daubechies wavelet was chosen for denoising 
based on the high mean correlation coefficient between the raw EEG signal and the 
denoised EEG signal, plus the lower standard deviation in correlation coefficients 
across all recordings. 
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Figure A3-3: Selection of sym2 wavelet for denoising of EEG recorded from the 
Hippocampal electrode 

Correlation coefficients computed by cross correlation of the raw EEG signal from the 
hippocampal electrode with the corresponding denoised EEG signal with a zero phase 
shift. Top: The correlation coefficients for denoised signals computed from Symlet 
wavelets (orders 1-10), Daubechies wavelets (orders 1-10), and Coiflet wavelets (orders 
1-5). Middle: Comparison of the correlation coefficients for the five wavelets with highest 
group mean values. Bottom: Comparison of the standard deviations in the correlation 
coefficient for each of the wavelets included in “Optimal Wavelets” comparison.  The 
order 2 Symlet wavelet was chosen for denoising based on the relatively high mean 
correlation coefficient between the raw EEG signal and the denoised EEG signal, plus 
the lower standard deviation in correlation coefficients across all recordings. 
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Figure A3-4: Comparison of EEG denoising strategies 

Comparison of different common EEG signal denoising techniques on the same EEG 
recording. Top: An example of the raw EEG recording under anesthesia with burst 
suppression, taken from the cortical electrode. Upper Middle: Raw EEG recording with a 
Notch filter for 60Hz electrical noise. Lower Middle: EEG recording after applying a 
bandpass filter allowing frequencies between 0.1-50Hz. Bottom: EEG recording after 
wavelet denoising down to level 5 with a tenth order Daubechies wavelet.  
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