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Abstract

Permanent post-operative cognitive dysfunction (POCD) is a grim outcome to an estimated 6% of
elderly surgical patients. Volatile anesthetics impact neuronal tissue independent of effects attri-
buted to the physical trauma of the surgery itself. While it is recognized that all aspects related to
surgery may contribute to cognitive loss in some manner, the present paper focuses on the role of
volatile anesthetics in promoting POCD. There is an increased risk of onset and progression of
Alzheimer’s disease (AD) from POCD, implying that the neuropathogenesis between the two is
similar. Human studies, being ethically limited in scope, require animal models as a substitute.
While the literature using rodent models contains valuable information, we believe that the ac-
cessible and practical zebrafish will greatly enhance our further understanding of the molecular
mechanism of POCD as it relates to AD. Disease genes and fundamental neurobehaviors of these
teleost fish mirror those of mammals and humans, validating their use as a core research model
for AD. Since the gradual senescence seen in zebrafish also resembles that found in humans, we
numerically correlated the two lifespans, offering researchers a computational tool. Zebrafish,
being aquatic animals, necessitates the use of miscible compounds, such as trifluoroethanol, whose
anesthetic potency we are presenting. We also review the rodent and zebrafish literature relevant
to POCD. Continued research with the leading-edge zebrafish unlocks the possibility that, in the
future, perioperative intervention will prevent POCD.
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1. Introduction

Post-operative cognitive dysfunction (POCD) is described as a decline in normal cognitive function that is pre-
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sumably brought on by surgery. The impairment is seen as a loss in several cognitive parameters (i.e. memory,
mental acuity, and understanding of language), as well as an observed withdrawal from and a decrease in social
interaction. While these neuropsychological deficits were initially thought to occur days after an operation that
resolve within a year, they may enhance further cognitive decline that results in dementia later in life.

In the 1970s, articles appeared that suggested a link between surgery and impaired cognitive function, most
notably in patients undergoing cardiac surgery. These observational reports were followed up by prospective
population studies in the 1980s that established the relationship between cardiac surgery and subsequent cogni-
tive loss [1]. Despite the progressive changes in surgical procedures, more recent prospective studies continued
to support this linkage [2] [3], further establishing the significance of POCD.

In addition to the susceptibility of POCD following cardiac surgeries, some patients that undergo non-cardiac
procedures involving general anesthesia also present with POCD. The elderly are the most vulnerable patient
population [4]. Another risk factor includes the patient’s level of education, suggesting that a “cognitive reserve”
in individuals with higher levels of education offer a protection against POCD. The concept of “cognitive re-
serve” indicates biological features, such as greater synaptic density and neuronal volume, both of which dimi-
nish in aging [5] and Alzheimer’s disease (AD) [6]. These findings suggest a linkage between POCD and AD.

A question, therefore, arises: does POCD lead to AD? It has already been proposed that POCD increases the
risk of onset and the progression of AD [7] [8], implying that the neuropathogenesis between POCD and AD is
similar. These authors indicate that POCD contributes to a loss in “cognitive reserve”, predisposing individuals
to AD.

The specific causal factors of this loss in “cognitive reserve” still remain to be elucidated. Major operations,
in which general anesthesia is used, trigger certain cellular processes that have a detrimental effect on the di-
verse cognitive functions of the brain. One must consider that the surgical event, juxtaposed to the anesthetic
agents themselves, may exert its effects through different pathophysiological mechanisms. Interestingly, patient
co-morbidities and the duration of anesthesia are independent risk factors for POCD [4], suggesting the impor-
tance of all aspects of surgery. Potential perioperative events, such as cerebral hypoxia (i.e. low O,) [9] [10] and
hypocapnia (i.e. diminished CO,) [11], may directly lead to neuronal injury. Additionally, the neurochormonal
and inflammatory responses [12] to the physical stress of surgery may initiate metabolic changes that are detri-
mental to the central nervous system. Volatile anesthetics appear to impact neuronal tissue in a manner inde-
pendent of those effects attributed to the physical trauma of surgery. While it is recognized that all of the aspects
that are related to surgery may contribute to cognitive loss in some way, the present paper focuses on the puta-
tive role of volatile anesthetics in promoting POCD.

The clinical criteria for a diagnosis of dementia associated with AD include a progressive decline in memory
and cognitive functions, such as language, visuospatial and executive. These acquired deficits are far greater
than expected for one’s age, showing significant impairment in daily activities. The dementias associated with
POCD are typically defined by performance on neuropsychological tests without indication of significant func-
tional impairment of daily living. One third of those enrolled in the International Study of Post-Operative Cog-
nitive Dysfunction (ISPOCD) were Danish; and Steinmetz and colleagues [13] examined the effects of POCD
on functional impairment (namely, withdrawal from the labor market, the need for social-financial assistance
and nursing home placement) in these Danish patients. The researchers concluded that the cognitive dysfunction
that occurred after non-cardiac surgery was associated with withdrawal from the labor market and with depen-
dency on social-financial assistance. Also, POCD at 3 months was associated with increased mortality. In a re-
view of epidemiological evidence [14], Setz and colleagues concluded in 2013 that there is little literature sup-
port in human studies that AD develops as a consequence of exposure to general anesthesia. There are likely
considerable differences in susceptibility among individuals, contributing to the disparate observations in the
human studies literature. The authors [14], however, acknowledge that there is a dearth of quality research and
that continued surveillance in this area is warranted, particularly as animal models have clearly demonstrated
AD pathology following exposure to volatile general anesthetics [15]-[17].

Our current understanding of the relationship of exposure to volatile anesthetics and cognitive decline is in-
complete, suggesting a need for further research. The ability to obtain information and knowledge from human
clinical observations and studies is constrained given the necessary ethical concerns and our current technologi-
cal limitations. Hence, research using an animal model enhances our progress towards a greater understanding of
the molecular mechanisms in POCD and how they relate to AD. The current research approach using rodents
offers opportunities for testing diverse working hypotheses, and has been used successfully in obtaining valuable
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data. We think that an alternate animal model, such as zebrafish, may enhance the ability of researchers to inter-
rogate various research questions. Zebrafish are an excellent alternative to mice in brain studies, as housing and
care are easier and much less expensive; they also have superior fecundity, producing hundreds of offspring per
pair per mating vs five to ten in mice. In a comprehensive genomic comparison of shared genes with humans
[81], zebrafish showed 70.1% versus 82.7% for mouse; and, 84% of human disease genes are matched in zebra-
fish. Zebrafish telencephalon also represents a forebrain that is on the evolutionary continuum on the same an-
cestral node as mammals. Zebrafish may enable researchers to examine diverse behavioral endpoints that may
accelerate the discovery of fundamental processes in POCD and AD, bridging biology to behavior in elucidating
molecular mechanisms that may be amenable to rational interventional strategies.

2. Human Studies

Anecdotal reports as far back as 1955 [18] suggested that cognitive decline may persist after surgery, particular-
ly in the elderly. The observed decline in cognitive function within the postoperative period, particularly in car-
diac patients, eventually brought attention to the possible presence of POCD and further elucidated the necessity
to define how the POCD patient would present and at what prevalence. In 1982, Savageau and colleagues [1]
administered a number of cognitive exams to patients before and shortly after their cardiac operations and out of
227 patients, he observed that 11% to 17% had a loss of cognitive function greater than one standard deviation
on all specific test scores. In addition, 30% showed a decline on at least one cognitive test that was administered
within days following surgery.

The possibility that POCD was not merely a transient event, but rather a phenomenon that continued several
years following surgery, was worth further investigation. Some studies suggested a substantial association be-
tween cognitive loss immediately following cardiac operations, such as coronary artery bypass surgery (CABG),
and that significant cognitive dysfunction persisted later in life. In a longitudinal assessment [3] following 261
patients who underwent CABG, the incidence of cognitive decline was 53% at discharge, 36% at six weeks
post-surgery, 24% at six months, and 42% at five years. More significantly, the study showed that those patients
presenting with the most drastic drop in cognitive function from baseline at discharge were more likely to pre-
sent five years later with cognitive impairments. Their study was published in 2001. The researchers performed
cognitive tests, both pre- and post-operatively, concentrating on four areas of neurocognitive function. Baseline
(i.e. pre-operative) scores with standard deviations were obtained for each of these four areas. The four cognitive
domains were: 1) verbal memory and language comprehension (i.e. short-term and delayed); 2) abstraction and
visuospatial orientation; 3) attention, psychomotor processing speed; and 4) visual memory. The neuro-psycho-
logical tests included the Randt Memory Test, the Digit Span and Digit Symbol Subtests of the Wechsler Adult
Intelligence Scale-Revised, the Benton Revised Visual Retention Test, and the Trail Making Test. While the au-
thors generated a composite cognitive index that was representative of all of the individual domain scores, the
criterion for neurocognitive decline was designated as a one standard deviation drop in a patient’s test scores in
any one of the four areas. The assessment criterion was based on a consensus statement published in 1995 [19].
The authors [3] indicated that the incidence of cognitive decline initially decreased from discharge to six months
then rose again at five years, suggesting a long term deterioration of symptoms. The long-term cognitive decline
was dependent on several factors: older age, fewer years of education and evidence of cognitive decline at dis-
charge. More years of education offers a level of protection, which was previously identified for AD [20]. It is
important to note that only 172 patients of the initial 261 [3] were assessed at the five-year time point, suggest-
ing that attrition of study patients may greatly underestimate the significance of cognitive decline.

In addition to long-term dysfunction, the question arose of whether cardiopulmonary bypass was a major risk
factor for POCD, or if POCD could be identified within other patient populations. In a multicenter study [4], in-
vestigating outcomes following major abdominal and orthopedic surgery, it was observed that 9% of 1218 pa-
tients presented with POCD three months after surgery. The study showed that increased age, duration of anes-
thesia, minimal education, and postoperative infections and complications were all associated with early POCD,
while increased age was a major risk factor beyond the immediate postoperative period.

The ISPOCD involved two phases, the first of which (i.e. ISPOCD-1) began in 1994 and ended in 1998. The
second follow-up phase (i.e. ISPOCD-2) started in 1998 and ended in 2001. While the first study tested whether
age, hypoxemia and low blood pressure contribute to POCD, the only confirmed incidence increases with age.
Early POCD (i.e. seven days after surgery) affected 26% of the patient population and long-term (i.e. three
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months after surgery) occurred in 10% of the patients in this study.

2.1. Symptomology

Independent of surgery and exposure to anesthetics, a decline in neurocognitive function with age appears linked
to genetic (e.g., ApoE variant 4) and environmental factors (e.g., cardiovascular risk factors) [21]. Several stu-
dies indicate that this age-related decline in cognitive performance is gradual [22] [23]. Animal models that look
at POCD would have to demonstrate a similar gradual decline in cognitive performance as a backdrop to the ef-
fects of anesthesia. This concept is discussed further below.

The assessment of cognitive function in patients can be evaluated through a series of neurocognitive exams
administered prior to surgery, thereby establishing a baseline, then at varying time intervals postoperatively. The
exams [1] [3] [4] typically involve memory and recall, verbal understanding, visual retention and reproduction,
psychomotor processing speed, and cognitive sequencing. Analysis of the data indicates a patients level of func-
tioning [2] [3], establishing an overall, and perhaps comprehensive, neurocognitive status. A decline in this
baseline mental status is found in patients suffering from POCD. Evidence [2] [3] suggests a possible multi-
stage course in POCD and its association with dementia.

Selnes and colleagues [2] reported cognitive changes occurring five years after coronary-artery bypass sur-
gery. They started with 172 patients and were able to assess 102 patients at the five-year time point. Eight cog-
nitive domains were assessed: 1) verbal memory, via the Rey Auditory Verbal Learning Test; 2) visual memory,
via the Rey Complex Figure (i.e. the delayed recall test) and Digit Symbol Tests; 3) language, via the Boston
Naming Test; 4) visuoconstruction, via the Rey Complex Figure (i.e. copy) Test; 5) attention, via the Digit Span
Subtest; 6) psychomotor speed, via Digit Symbol Subtest and written alphabet; 7) executive function, via the
Stroop Test; and 8) motor speed, via Grooved Pegboard Test. In six out of eight tests, patients showed a decline
at the five-year time point, relative to the one-year performance level. Relative to pre-operative baseline values,
in two of these tests (namely, #4 and #6), patients showed a decline at five years. Interestingly, early AD neu-
ro-psychological features include similar cognitive domains [24].

ISPOCD-1 and ISPOCD-2 were driven in part by anecdotal information from the relatives of elderly patients.
Anecdotal reports, among family practice physicians, suggested that POCD was common in elderly patients. It
was not unusual to hear a story of an elderly relative, typically male, being admitted to the hospital for major
surgery and then several months later, while the operation appeared successful, the individual seems to, now,
exhibit some signs of social impairment and appears to be mentally sluggish. To assess mental status, the psy-
chometric tests included the Verbal Learning Test (memory), the Concept Shifting Test (assessing, visual con-
ceptual and visuomotor tracking), the Stroop Color Word Interference Test (assessing, attention), Paper and
Pencil Memory Scanning Test (assessing, sensorimotor speed), the Letter-Digit Coding Test (assessing, visual
memory, visuoconstruction and motor functions), and the Four Boxes Test (assessing, psychomotor speed). The
3-month incidence of POCD of patients middle-aged (40 - 60 yr) and older (>60 yrs), after minor surgery, was
6.2% and 6.6%, respectively, with an association to depression [79] [80].

While the etiology of POCD is yet to be completely elucidated, researchers have implicated surgical factors
(i.e. invasiveness and duration of surgery) as well as the effects of anesthetics. There is thought to be associa-
tions of POCD with pre-existing clinical manifestations, such as diabetes, obesity and atherosclerosis, although
the molecular correlates have not been fully understood. Unequivocally, increased age and low education are
contributing factors. Human studies are complicated due to the extremely diverse confounding factors of life-
style and genetics, which are eliminated using controlled animal models.

2.2. Molecular Mechanisms

Perioperative factors (i.e. hypoxia, hypocapnia) have been put forward as possible triggers for the neuro-patho-
genesis of POCD, as well as that of AD. The risk of AD dementia is significantly elevated in patients, who have
experienced prolonged episodes of hypoxia [9] [10], during which amyloid precursor protein (APP) and amyloid
beta peptide (ABP) levels rise [25] [26], concurrent with a decrease in APP processing via alpha-secretase [27].
Hypocapnia causes elevation in ABP, increased cellular apoptosis and initiates neurodegeneration via caspase-3
activation [11], suggesting that it also may promote AD neuropathogenesis.

The neuroinflammatory response during surgery may also play a role, and some have suggested that inflam-
mation is a major factor in the occurrence of both POCD and AD [28]. Chemical mediators of the peripheral in-
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flammatory response to surgery may cross over into the central nervous system (CNS). Moreover, direct CNS
inflammation, via microglial activation, may involve local release of inflammatory mediators that affect neuro-
transmission at the synapse [29] [30].

Alternately, anesthetics may directly impair neuronal function. Animal models have shown that anesthetics
can lead to the formation of ABP plaques, elevated tau hyperphosphorylation, and memory impairment [7]
[31]-[33]. Exposure to isoflurane, for example, leads to long-term deficits in cognitive function as evidenced in
treated aged rats performing tasks requiring spatial memory [34]. Anesthesia-only studies with humans are con-
strained by ethical challenges, demonstrating a need for further animal model research.

3. Rodent Model

The neuro-pathogenesis of POCD due to surgical stress has been investigated using rodents. An upregulation of
angiotensin Il and its corresponding receptor in the hippocampus was observed in surgery-induced cognitive
impairment using rats [35]. This suggests that activation of the brain renin-angiotensin system may play a role in
the development of POCD in aged rats. Pre-treatment with a receptor antagonist showed decrease in: cognitive
loss evaluated by the Morris water maze task; blood-brain barrier (BBB) permeability; and glial reactivity. This
further supports the link between brain renin-angiotensin system and POCD in surgical stress. In a study with
mice [36], abdominal surgery was performed using local, rather than general, anesthesia on 18mo wild-type
(WT), 9mo AD transgenic mice, and 9mo WT mice. Post-operative increases in brain ABP were seen in the
18mo WT and 9mo transgenic model but not the 9mo WT. The use of a gamma-secretase inhibitor decreased the
accumulation of ABP and cognitive impairment seen in the 18mo WT. This suggests that cognitive impairment
can be induced independent from general anesthesia and that some combination of surgery-stress, aging, and
gene mutation is capable of inducing POCD [36].

Rodent studies also implicate volatile general anesthetics in cognitive impairment. Using Evans Blue dye
quantification to analyze hippocampal BBB permeability, the study [37] demonstrated that surgery impaired
cognitive function and increased dye leakage into the hippocampus of aged rats. The researchers also observed
altered expression of cell junction proteins following surgery that was consistent with loss in BBB function.
Furthermore, the study demonstrated that 2 hr of 1.5 MAC (mean alveolar concentration) of sevoflurane in-
creased cognitive impairment and BBB permeability.

Pro-inflammatory cytokines stimulate hyperphosphorylation of tau protein with subsequent synaptic and cog-
nitive dysfunction, as described in the review paper by Luo and colleagues [38]. They state that isoflurane tran-
siently increases neuro-inflammatory cytokines, which link to POCD and posit that the main risk factors for
POCD are advanced age and duration of anesthesia.

Post-operative pain, and associated stress of surgery, may contribute to POCD. Aged rats, undergoing lapa-
rotomy, that were exposed to isoflurane showed cognitive loss, while those exposed to isoflurane plus analgesia
(i.e. local ropivacaine or systemic morphine) showed no loss [39]. Isoflurane alone (1.2% for 2hr), with no sur-
gery, did not affect cognition. Up-regulation of NMDA (N-methyl-D-aspartate) receptors correlated with post-
operative pain and the development of memory deficits, suggesting that management of pain may be a critical
step in the prevention of POCD in the elderly. Young (3mo) and aged (18 - 20 mo) rats, which were examined
prior to and after abdominal surgery [40], showed that age correlated with changes in behavior and microglial
activation within the CA1 hippocampal region. The authors suggest that older individuals exhibit increased
neuroinflammation following surgery that can impact behavior and spatial learning.

Adult rats, which were treated with lipopolysaccharide (LPS) following surgery [41], showed IL-1 upregula-
tion and cortical and hippocampal degeneration, suggesting that stress associated with surgery plays a pivotal
role in POCD. Acetylcholinesterase inhibitors improved cholinergic transmission and decreased neuroinflam-
mation, suggesting that the cholinergic anti-inflammatory pathway is a neurohumoral mechanism for the pre-
vention of post-operative neuroinflammation and degeneration.

In a study that only looked at exposure to anesthetics in the absence of the stress of surgery [42], aged rats (20
mo), which were exposed to isoflurane (1.3% for 4hr), demonstrated cognitive deficits. The researchers investi-
gated pretreatment with minocycline, an antibiotic with anti-inflammatory properties. Pretreated subjects showed
reduced cognitive deficits. Suppression of IL-1 and caspase-3 were observed within the CAL region of the hip-
pocampus, as well as evidence of protection of the synaptic ultrastructure. Minocycline appears to have neuro-
protective effects, independent of its antibiotic properties. This study unequivocally showed that isoflurane alone
impaired the synaptic ultrastructure in the hippocampal CA1 region, increasing synaptic width and decreasing
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the area of post-synaptic density. These observations are consistent with a study that demonstrated that isof-
lurane increases the levels of TNF-alpha, IL-6 and IL-1beta in brain tissues and in primary neurons of mice
[43].

Wang and colleagues [44] investigated the effects of isoflurane on the cholinergic system within aged rats and
its correlation to learning and memory impairment. The researchers observed that aged rats treated with anes-
thetics showed differential susceptibilities, exhibiting severe and mild impairment groups. The grouping was
designated via the Morris water maze test. The severe impairment group exhibited decreased acetylcholine in
brain as measured immediately following the water maze test, suggesting that isoflurane may impair learning
and memory via the cholinergic system.

4. Zebrafish Model

Despite all of the current advancements in our understanding of the unintended consequences of general anes-
thetics, the molecular mechanisms associated with POCD remain to be fully elucidated. Alternate animal models
may prove useful. Others have promulgated the importance of using zebrafish as a model for studying neuro-
logical diseases [45], including AD [46]. We extend this perspective and think that zebrafish would be a useful
animal model for POCD. Cognitive deficits are recognized as a common feature of many diverse neurological
disorders, including AD [47]. Furthermore, there is a general decline in cognitive performance with age—a grow-
ing global concern as the relative percent of older individuals increases in many countries, such as the United
States. Given the current and future impact of cognitive impairment on our society, if only for those cases due to
aging, there is a need for an effective translatable animal model to study mechanisms of cognition. That surgery
in some patient populations adds to the risk of cognitive loss also supports the call for developing a predictive
model for POCD. We think zebrafish can serve that purpose.

4.1. Comparing Zebrafish and Human Lifespans

Zebrafish holds the potential to be an efficient model for studying neurobehavioral and biological aspects asso-
ciated with aging. Curiously, zebrafish exhibit gradual senescence, a feature of human aging. Kishi and col-
leagues [48]-[54] have, since 2003, extolled the concept of using zebrafish as a model for aging, publishing in
this area for over a decade and demonstrating the phenomenon of gradual senescence, similar to that found hu-
mans. Histological examination of the liver showed an accumulation of age-related pigments (i.e. lipofucin and
“drusen”-like) in older zebrafish [52], again similar to that found in humans.

To use zebrafish as an effective model organism, individuals in a study need to be precisely identified as
being at a particular stage in the life cycle. The standard divisions of zebrafish development are well-defined
[55] prior to adulthood (Figure 1), and so, research subjects are accurately staged during early development
with comparative correlates to humans. However, once the zebrafish reach adulthood, that is 90 dpf (days
post-fertilization) in standard AB wildtype strain, there are no subsequent charted life stage designations. It
is important to note that staging the life cycle points can vary in genetically-modified strains of zebrafish. In
the present discussion, we are using the standard AB wildtype strain as the representative model for this spe-
cies.

There are many advantages to standardized developmental assignment of experimental subjects, which in-
cludes comparing results from different laboratories, performing analyses of individual variations, and making
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Figure 1. Timeline of zebrafish early development. The stages are indicated as horizontal blocks with the time frame shown
below in logarithmic scale. A sub-stage, commonly referred to as “metamorphosis”, in which tissues undergo rapid trans-

formation, occurs during the so-called larval stage. There is general agreement that zebrafish (ZF) adulthood begins at 90 dpf.
The focus of the present paper is the zebrafish adult stage; therefore, the well-documented correlation to human early devel-

opment is not addressed here.
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comparisons across species [56]. In the life cycle period defined as adulthood, the need for more-precise staging
continues to be a priority to avoid skewing inter-experimental results when grouping different age cohorts to-
gether. As with humans, zebrafish exhibit subtle physical, behavioral and metabolic changes throughout adult-
hood. Accurate full-life staging is desirable in order to obtain reproducible results that are ultimately translatable
to humans. Attempts to bridge these two species’ adult life stages may offer better insight into human biological
questions, such as the chronic diseases of aging (i.e. dementias), and pertinent to this paper, POCD.

The various stages of early zebrafish development (shown in Figure 1) reflect a logarithmic trajectory. Like
most teleost fishes, zebrafish fertilize and reproduce externally, hatching in 3 dpf, still physically incomplete,
not unlike an extra-uterine fetal marsupial. The embryonic stage occurs in a transparent chorion, whereby the
growing organism is dependent on its yolk sac, which is depleted by 8 dpf. Organ development is basically fi-
nished by 36 hpf (hours pf), although a metamorphosis period, at about 12 - 15 dpf, must occur in order to reach
physiological maturation and anatomical reconfiguration of the body systems. Gender determination also occurs
during metamorphosis and is partially dependent on environmental temperature.

4.1.1. Average and Maximum Lifespan Benchmarks

The adult stage in zebrafish begins at the end of the juvenile stage (Figure 1), at 3 mpf (months pf), and
proceeds to end of life, which is thought to be on average about 3 yrs [57]. The average lifespan (i.e. published
as 42 mo) was determined using outbred zebrafish in captivity. Zebrafish in the wild are thought to live for only
about one year. Gerhard and his colleagues [57] also reported that the oldest living individual in the study lived
for a little over 5yrs. No other published works on experimentally determined zebrafish lifespan were found in
the primary scientific literature. This single study [57] involved outbred zebrafish that may have exhibited a ge-
netic advantage for longevity; and, as such, the results become an estimate for lifespan of inbred strains current-
ly used in laboratories (i.e. AB wildtype). These researchers [57] also included an uncommon inbred zebrafish
strain (i.e. golden sparse) that exhibited a lifespan (i.e. 36 mo on average) that was slightly less than the outbred
strain.

We consider the average zebrafish lifespan of 36mo an outlier average, particularly when one considers that
most laboratories cull their adult zebrafish by 24mo as they begin to display physical/skeletal distortion and in-
creased susceptibilities to infection. In preparation of this review article, we used the zebrafish average lifespan
benchmark of 36mo and linked it to the corresponding value for humans. In examining the literature for average
human lifespan, we looked at data for life expectancy and thought that it would be appropriate to include a ho-
mogeneous culture that exhibited the highest life expectancy. In Japan, the 2015 data shows that females have a
life expectancy of 86.8 years (accessed from http://www.who.int/mediacentre/news/releases/2016), representing
the outlier average that we are linking to Gerhard study’s [57] observation of 36 mo for the golden sparse strain
of zebrafish. We used the human female outlier average since the other two benchmarks, discussed below, per-
tain to reproductive years, definable as female fecundity. We used another data point from the 2002 Gerhard
study [57] to identify common benchmarks to correlate human and zebrafish lifespans, namely outlier end-of-
life for the golden sparse breed (i.e. 58 mo), then linked the zebrafish maximum lifespan of 58mo to the corres-
ponding value for humans.

The maximum lifespan of humans is predicted to be about 126 years [58], as assessed by demographic analy-
sis of Swedish females. Curiously, if one averages the top ten maximum lifespan claims tabulated by the Ger-
ontology Research Group, the mean value of 128 is calculated, which also happens to be the age of an individual
in that list with the following note: “oldest believable claim” (accessed http://www.grg.org/Adams/J.HTM; the
website states that the evaluation committee uses three independent pieces of demographic documentation, in-
cluding one that dates back to the time of the claimant’s birth). Most of the internet search documentation easily
accessible contains the information of a French woman that lived for 122.5 yrs. In this analysis, we decided to
choose the benchmark of 128 years of age as the human maximum lifespan to link to that of zebrafish, namely
58 mpf (months pf).

4.1.2. Reproductive Years as Benchmarks

We used two more benchmarks for correlating zebrafish and human adulthood, namely the average outliers for
the starting point and ending point of their reproductive years, respectively. For zebrafish, there is general
agreement that reproductive capability begins at 3mpf and ends at 1.5 ypf (years pf), as outlier averages. For
humans, the corresponding time points are 10 years and 53 years, respectively. The procedure we used to arrive
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at a single value for the oldest average human pregnancy is as follows. Due to an over-abundance of information
on the internet, documenting separate individuals and their births, with little consolidation of the diverse data,
we accessed the annotated, and well-cited, wiki page (https://en.wikipedia.org/wiki/Pregnancy over_age_50,
which was accessed on 06/09/2016). From the list provided, we omitted those with the following criteria: any
pregnancy due to medical intervention (i.e. in vitro fertilization, fertility drugs, etc.), celebrity-related births (due
to the doubt of their authenticity), births prior to 1900, and births from countries whose authenticity could be
questioned (i.e. Cold-War era Soviet Union, Third World nations etc.). Following this exclusion process, we av-
eraged the remaining natural and authenticated cases of live births. The result was 53 years of maternal age. For
the youngest average human pregnancy, we performed the same process using the comprehensive list that was
provided on another annotated, well-cited wiki page

(https://en.wikipedia.org/wiki/List_of youngest_birth_mothers, which was accessed on 06/09/2016), yielding
the result of 10 years maternal age.

4.1.3. Zebrafish in Human Age Equivalent

The narrow scientific requirements for adequate matching of inter-species adult benchmarks restrict us to the
four. These benchmarks, above described (i.e. average and maximum lifespans and the earliest and latest repro-
ductive timepoints), were correlated to one another. That is to say, we plotted the human benchmarks as a func-
tion of the respective zebrafish benchmarks (Figure 2). The best-fit curve generated a two-parameter power eg-
uation, y = a(x"), that gave a p-value of 0.0007, where “a” equals 0.425 and “b™ is 0.757. It is important to note
that this represents a testable estimator of age equivalent to allow researchers to generate hypotheses that can be
experimentally tested.

For example, let us consider brain development in humans which is thought to reach maturity at 25 years [59],
at least in terms of intellectual ability and psychosocial maturity. Using our derived equation shown in Figure 2,
a testable hypothesis could be that brain development in the zebrafish, as assessed by neurobehavioral tests,
should be expected to reach maturity at the zebrafish age equivalent of 226dpf, or 7mo13dpf
(https://www.symbolab.com/solver/equation-calculator). Human adult cognitive performance appears related to
cortical activity that demonstrates a greater recruitment of cortical regions than that which occurs prior to adult-
hood [60]. Does such an inflection point, in zebrafish, occur during adulthood, and does it occur at about 226dpf?
There may be other utilitarian possibilities for this H-eq equation that our laboratory is currently examining.
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Figure 2. Correlation of human and zebrafish lifespans. Four benchmarks were used to correlate the human adult stage with
that of the zebrafish. Human and zebrafish linear scales were in years and days, counting from fertilization (i.e. ypf and dpf,
respectively). Human gestational period (0.75068 yr) was numerically added to each of the four human time points. The
graph was plotted using SigmaPlot 12.5 (www.systatsoftware.com) with the “Curve Fit” command generating the best fit
non-linear regression after 12 iterations. To estimate the human age equivalent (H-eq) of a given zebrafish, the formula is
H-eq = (0.425x%7") — 0.751, where x is the age, in dpf, of the zebrafish in question.
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4.2. Effects of Anesthetic Agents

Zebrafish is already being used to study memory-inhibiting drugs, as well as agents thought to enhance cogni-
tive performance [61]. The impact of the socially-relevant stimulant, nicotine, on cognitive function, for exam-
ple, can be effectively studied using zebrafish [62] with the ability of bridging biology with behavior, in this
case understanding brain receptor activity [63]. Another relevant stimulant of human interest (i.e. caffeine) can
be investigated using the zebrafish model, particularly with regards to understanding its effect on learning and
memory [64]. There are diverse agents, which are known to act on the CNS, that affect memory function in ze-
brafish, including ketamine [65], scopolamine [66], NMDA-antagonist dizocilpine [67] and ethanol [68]. Keta-
mine, an NMDA-receptor antagonist, is used in surgery to induce sedation and analgesia. Kaleuff and his col-
leagues [65] observed that zebrafish exposure (0.1mM for 20min) of sub-anesthetic levels of ketamine dimi-
nished anxiety, impaired memory (i.e. intra-session habituation) and disrupted social behavior (i.e. shoaling).
Scopolamine, which is an acetylcholine muscarinic receptor antagonist that is given as a pre-medicine in surgery
to minimize respiratory tract secretions and post-surgically for nausea, has an amnesic effect when given to ze-
brafish (0.2 mM for 1hr) [66]. The acetylcholinesterase inhibitor, physostigmine, when given at 0.2 mM, re-
sulted in rapid abrupt movement of treated zebrafish, described as seizure-like locomotor activity [69], which
the researchers assigned to the increased production of nitric oxide. We think that these episodic bursts of
swimming by zebrafish are common occurrences in control fish and easily measurable (Figure 3).

The absolute number and the periodicity appears to vary among individuals, and it remains to be determined
whether the features of this normal episodic burst-swimming is age-cohort related. The phenomenon can be
measured using neurobehavior programs, such as the Noldus Ethovision
(http://www.noldus.com/animal-behavior-research), by setting threshold acceleration to 20 cm/s® occurring over
a 100 ms period.

4.2.1. Anesthetic Preconditioning
The biomedical definition of preconditioning is rather narrow and precise. Simply stated, preconditioning occurs
when a transient sub-lethal insult protects against future fatal injuries. This phenomenon is observed in diverse
organisms and typically refers to a specific tissue, such as brain, although other tissues have exhibited the capac-
ity for preconditioning. The most common example is that a small heart attack protects cardiac tissue against a
future massive heart attack. Regarding brain, as the majority of neurons do not regenerate, one can immediately
recognize the clinical significance of protecting the brain against acute, and potentially lethal injuries, including
trauma, surgical injury, ischemic stroke and neonatal hypoxia. Preconditioning also protects against the toxic
agents used as models of neurodegeneration, suggesting that this phenomenon, once understood, can potentially
stave off age-related diseases, such as AD.

In order to consider applying this phenomenon to clinical intervention, even as a preventative measure, one
must understand how preconditioning works. Certain stimuli trigger endogenous neuro-protective processes and
their molecular underpinnings must be elucidated in order to identify key targets.
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Figure 3. Features of adult zebrafish burst-swimming. An untreated adult-zebrafish in an open-field test (tank: 30 cm x 30
cm) was video-recorded and each acceleration (>20cm/s?) was scored over time (vertical line, y = 2). There was a periodicity
of this behavior and the burst-swimming appeared as a high number of distinct accelerations grouped together over brief in-
tervals of time. This behavior reflects neuromuscular integrity and would be amenable to study during zebrafish adulthood.
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The curious nature of this phenomenon is the wide diversity of preconditioning stimuli. In addition to envi-
ronmental extremes (i.e. partial pressure of oxygen, temperature, etc.), brain tissue can be preconditioned with
chemicals (i.e. toxins, pharmacological agents and anesthetics). Dirnagl and colleagues [70] postulate that nearly
any stimulus—known to be harmful—can trigger neuroprotection when applied just below the threshold level of
damage. The authors categorized three types of molecules involved in this process: sensors, transducers and ef-
fectors.

We propose that preconditioning is a process directly related to the mechanisms of POCD. We hypothesize
that while young vibrant brain tissue can respond in a neuro-protective manner to a preconditioning agent, the
older, less-resilient brains would be adversely affected, suggesting a need for studying the sensors, transducers
and effectors in anesthetic preconditioning as a way of understanding the mechanisms in POCD.

In addition to the pharmacological effect on acetylcholine muscarinic receptors described above, physostig-
mine appears to elicit a preconditioning effect in zebrafish, as evidenced by telencephalon cell proliferation and
increased iNOS expression [69]. Likewise, anesthetics likely have off-target effects that elicit preconditioning

Trifluoroethanol, an anesthetic mimetic, has a preconditioning effect on zebrafish, as observed in larvae [71].
Zebrafish larval behavior is well-characterized, representing valid endpoints of analysis. Larval behavior (i.e.
freezing, shoaling and thigmotaxis) is amenable to quantitation for neuro-behavioral investigation. Thigmostasis
occurs when the fish positions its body head-first and perpendicular to the perimeter wall of the container (i.e.
culture dish, beaker, or tank), and thigmotaxis is “wall-hugging” behavior, swimming at the periphery. Neurobi-
ologists consider this behavior as anxiety-related. Additionally, assessment of how larvae engage with their en-
vironment, particularly elementary feeding and shoaling behavior, also represent an area of investigation. Trif-
luoroethanol-exposed zebrafish larvae (i.e. doses at sub-anesthetic levels) exhibit a pattern of accelerated matu-
ration of neuronal function, a neuro-phenotype that is attributed to preconditioning [71].

While the anesthetic potency of trichloroethanol, the active metabolite of chloral hydrate (i.e. one of the early
general anesthetics), has been studied [72], the sedation effects of trifluoroethanol have not been published. We
analyzed videos of adult zebrafish (400 dpf/13mpf; or, 38.9 H-eq years) immersed in various concentrations of
trifluroethanol to determine the concentration at which complete immobility is observed (Figure 4).

The volatile nature of inhalational compounds is inherently incompatible with the aquatic environment of ze-
brafish. Trifluoroethanol holds an advantage over the inhalational anesthetics (i.e. isoflurane and sevoflurane), in
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Figure 4. Anesthetic potency of trifluoroethanol. Zebrafish were kept at various concentrations of trifluoroethanol (5 min at
28°C) prior to acquiring video clips (1 min), during which the total distance swam was measured, and then plotted as a func-
tion of concentration of trifluoroethanol. A linear regression line (p < 0.05) was generated using SigmaPlot 12.5 that calcu-
lated the x-intercept of 2.2 mM, consistent with the literature on the anesthetic potency of trichloroethanol [72]. The data
spread may be due to variation among individual behavior. .
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that it is water soluble and therefore the concentrations of agent can be effectively dosed for aquatic animals.
Using trifluoroethanol, a preconditioning effect on zebrafish larvae was elicited at low concentrations (100 uM
for 3 hrs [71]). This sub-anesthetic dose eliminated the need to work at millimolar concentrations, which mini-
mized collateral molecular targets.

4.2.2. Zebrafish Learning and Memory

We looked at the cognitive capability of adult zebrafish. Using a straight-forward habituation food reward de-
sign, we examined the ability of zebrafish to learn to associate a food reward with a specific color. This type of
color discrimination paradigm for associative learning was previously used [73]. In a three chamber tank (con-
taining doors connecting the center chamber with the two outer chambers), a single zebrafish was placed in the
center chamber and was observed over a 5min period for entrance into one of the two outer chambers. At the far
end of each outer chamber was a color prompt: one, green; the other, red. Six un-treated control adult zebrafish
were tested over an 18-day period. There were two trials each day. If the fish chose the green chamber, a single
particle of dried food was given as reward. As soon as the fish swam into one of the outer chambers, the doors
connecting the chambers were closed. Each trial was scored as follows: correct, incorrect or no choice. The re-
sults for each day were tabulated as the number of correct choices divided by the total number of trials,
representing a fractional assessment of performance. This value was tracked over time (Figure 5).

This and other learning tasks can be used to correlate cognitive targets with biological endpoints. Our lab is
interested in understanding the role of GABAergic receptors in learning and memory. Learning mechanisms in
zebrafish have already been shown to be associated with acetylcholine and adenosine [74] and glutamatergic [67]
signaling.

It is important to clearly delineate the role of cognitive-disruptors, or -enhancers (i.e. preconditioning agents),
as having development-specific effects. Exposure during the various stages of development (i.e. embryonic, lar-
val, juvenile, adult and geriatric), namely delineated adult time points, is crucial in determining molecular me-
chanisms translatable to human age groups. For example, zebrafish, at 2 ypf, exhibit significant diminution in
cognitive performance compared to 1ypf using an associative learning test [73]. These researchers found that the
aged zebrafish contained increased levels of oxidized lipids and proteins in the dorsal telencephalon. One could
also investigate the importance of breeding and care as predictive indicators of cognitive success, or failure, as
adult fish, potentially differentiating those cohorts with a greater “cognitive reserve” due to superior conditions
during earlier stages of development. These conditions would include the concept of “enriched environ-
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Figure 5. Color discrimination performance in associative learning by adult zebrafish. Six zebrafish (430 dpf/14mpf; or, 41
H-eq years at start) were tested over a 18-day period and their average performance is given over time. The dashed line
represents the score expected by chance (i.e. 1 of two possible outcomes, or 50%). A significant linear regression line (p <
0.05) was calculated using SigmaPlot 12.5 with a formulay = 1.08x + 47.1.
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ment” as well as nutrition. As with humans, genetics also plays a part in determining “cognitive reserve” in ag-
ing. This can be further explored by selective breeding techniques in zebrafish.

5. Conclusions

When defining the parameters of POCD, anesthesia represents a distinct area to investigate molecular mechan-
isms that lead to permanent cognitive loss [75]. While the standard anesthetic combination contains agents that
fall into diverse chemical groups, this paper emphasizes the role of inhalational agents (i.e. halogenated ethers),
and their analog trifluoroethanol, and how zebrafish may be used to study their action as modulators of cogni-
tion and that this modulation may be more toxicological than pharmacological. Zebrafish exhibit rudimentary
behaviors: social (i.e. shoaling), emotional (i.e. anxiety) and cognitive (i.e. associative learning). These beha-
viors, as affected by age and anesthetics, may be charted on a course towards a dementia-like neurophenotype.

Although the rodent model dominates the literature [68] [76]-[78], alternative strategies in animal modeling
offer higher throughput for neurophenotype analysis. The zebrafish model is recognized as an important com-
ponent of translational neuroscience research [35]. Zebrafish have an elaborate behavioral repertoire and are
used to test various cognitive endpoints (i.e. attention, learning and memory). These endpoints are amenable to
guantitation that can be automated by use of commercially available behavioral analysis programs using spe-
cially-designed tanks. Continued research opens the possibility that, in the future, perioperative prophylaxis will
prevent POCD.
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