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Peterson3, and Jeffrey Sall, M.D., Ph.D.1
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Parnassus Ave., Box 0542, Med Sci S261, San Francisco, CA 94143

2University of Arizona College of Medicine, 550 E Van Buren St Phoenix, AZ 85004

3University of Rochester, 500 Wilson Blvd Rochester, NY 14627

Abstract

Volatile anesthetics are used widely for achieving a state of unconsciousness, yet these agents are

incompletely understood in their mechanisms of action and effects on neural development. There

is mounting evidence that children exposed to anesthetic agents sustain lasting effects on learning

and memory. The explanation for these behavioral changes remains elusive, although acute

neuronal death after anesthesia is commonly believed to be a principal cause. Rodent models have

shown that isoflurane exposure in newborns induces acute neuroapoptosis and long-term cognitive

impairment. However, the assessment of predisposing factors is lacking. We investigated the role

of sex by delivering isoflurane to postnatal day (P)7 male and female Sprague Dawley rats for 4

hours. Brain cell death was assessed 12 h later using FluoroJade C staining in the thalamus, CA1-3

regions of hippocampus, and dentate gyrus. Behavior was assessed separately using a series of

object recognition tasks and a test of social memory beginning at P38. We found that isoflurane

exposure significantly increased neuronal death in each brain region with no difference between

sexes. Behavioral outcome was also equivalent in simple novel object recognition. However, only

males were impaired in the recognition of objects in different locations and contexts. Males also

exhibited deficient social memory while females were intact. The profound behavioral impairment

in males relative to females, in spite of comparable cell death, suggests that males are more

susceptible to long-term cognitive effects and this outcome may not be exclusively attributed to

neuronal death.
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Introduction

Anesthetic agents are instrumental in their ability to induce an unconscious state, devoid of

pain and awareness, and millions of children undergo anesthesia each year as a routine part

of their medical care. However, the safety of anesthesia in this population is a concern and

prior retrospective studies have noted a correlation between anesthesia exposure and

learning disabilities1,2. In addition, various animal models have shown that early anesthetic

exposure results in significant long-term behavioral deficits 3-5.

The reason behind these behavioral changes remains unknown, although acute neuronal

injury is widely perceived to be an underlying cause. Numerous animal experiments have

documented neuronal death following exposure to volatile anesthetics 4,6,7. In addition,

factors influencing cell death have been researched extensively, including duration of

anesthesia and the specific anesthetic agent that is delivered 6,8,9. Various mechanisms have

even been proposed to account for the process of anesthetic-induced neuroapoptosis 10,11.

Nevertheless, the precise correlation between neuronal death and behavioral phenotype is

undetermined, and although neuronal death is certainly alarming it has not been determined

to be causative.

Because no adequate explanation exists, the final phenotype of behavior remains an

indispensable tool for investigating anesthetic effects. Many questions, such as the types of

memory that are affected and factors that predispose to cognitive dysfunction, are most aptly

explored using behavioral models. Also, concerns of early anesthesia leading to autism-like

or impaired social behavior have been raised and begun to be explored in animals 7. With

mounting evidence of the detrimental effects of anesthetics on the developing brain, these

questions become increasingly important to address.

Among potential risk factors, the role of sex has not been studied. Human gender differences

in outcomes following traumatic and ischemic brain injury are well known 12,13 and are also

seen in prematurity and neonatal stroke 14,15. Epidemiologic studies in humans investigating

cognitive outcome after early anesthesia exposure suggest that males may be more

susceptible to long-term effects 16-18, although methodological issues preclude us from

identifying a true difference. We proposed to determine the influence of sex on two well-

known outcomes – brain cell death and behavior.

Exposure to isoflurane, a common inhaled volatile anesthetic, has repeatedly been shown to

cause acute neuronal death and persistent cognitive dysfunction in newborn male rodents 4,6,

but it is unknown how females are affected. This is because most studies use only male

rodents or do not separately assess male and female subjects. In rodent models, effects of

anesthesia have been studied following exposure during a time of peak brain development

and synaptogenesis, typically postnatal day 7 4,19-21. Cell death occurs acutely in the period

immediately following anesthesia 4,8,21, and the thalamus and hippocampus are areas known
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to be susceptible to extensive neurodegeneration 4,7,21. Long-term behavior is separately

assessed in adolescence or adulthood using a range of tasks 4,6,7,9.

In this study, we investigate sex-specific outcomes after anesthesia by assessing acute

neurodegeneration after isoflurane exposure in the thalamus, CA1-3 regions of

hippocampus, and dentate gyrus, as well as evaluating behavior with a series of object

recognition and social memory tasks. In female rats, certain behavioral tests that use

aversive stimuli or induce stress can be influenced by hormone cycling 22-24. To minimize

these effects, we assessed behavior using spontaneous recognition tasks that rely on rodents'

natural preference for novel stimuli. Moreover, the associative memory used in these tests

has been shown to be sensitive to lesions in hippocampal and thalamic circuits 25-27.

Materials and Methods

Subjects

All experiments were conducted with approval from the Institutional Animal Care and Use

Committee at the University of California, San Francisco. Sprague Dawley dams with litters

containing male-only and female-only pups were obtained from Charles River Laboratories

(Gilroy, CA). On postnatal day (P)7, animals were randomly assigned to control or

treatment groups (Fig. 1). Following treatment, subjects were either killed and fixed for

histology or cross fostered between dams. At P21, before reaching sexual maturity, each

animal's sex was assessed and they were separated into groups by sex. Control and treatment

animals were kept together in clean acrylic cages with bedding changed weekly and ad

libitum access to food and water. Cages for both sexes were kept in the same room within

the animal care facility with 12 h light-dark cycle and regulation of temperature (18 to 25°

C) and humidity (45 to 65%). At P30, they were housed in pairs with one treatment and one

control animal per cage. All behavioral testing occurred during the light cycle between 0800

and 1700 h. Animals were food restricted for tasks involving object recognition. Access to

food was limited to the light cycle in order to increase activity and object exploration during

the testing period.

Anesthesia

Male and female subjects were separately anesthetized for a duration of four hours as we

have previously described 28. Briefly, isoflurane was delivered into the anesthetic chamber,

and gas concentrations were continuously monitored. The isoflurane concentration was

initially set to 4% (time = 0 min) and subsequently maintained at 1 Minimum Alveolar

Concentration (MAC, the concentration required to prevent movement in 50% of subjects in

response to a painful stimulus, Fig. 2). Every 15 minutes after induction, a supramaximal

pain stimulus was produced by applying an alligator clamp to each rat's tail. Movement was

defined as any gross movement other than breathing, and the percent of animals that moved

in response to tail-clamping was calculated. Isoflurane concentration was then adjusted to

maintain 50% response to the stimulus. Control animals were treated identically without tail-

clamping or administration of anesthetic. Animals in the anesthesia chamber were kept on a

warming blanket and the temperature was measured every 15 minutes using infrared

thermometer, and the position and heating were adjusted to maintain normothermia.
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Histology

Brains from male and female treatment and control groups (n=10 per group) were assessed

for acute neuronal death. Twelve hours after anesthesia, animals were anesthetized and

transcardially perfused with cold 4% paraformaldehyde in phosphate-buffered saline and

brains were removed, postfixed, and sunk in sucrose solution. They were then sliced into 60

micron-thick slices and every other slice was mounted and stained with FluoroJade C, a

marker highly specific for neurodegeneration (FJC, 0.001%, Millipore, Billerica, MA). FJ-

positive cells were counted using Nikon Eclipse 80i microscope under 20X magnification in

each slice containing the structure of interest. Structures included in analysis were the

anterodorsal (AD), anteroventral (AV), laterodorsal (LD), and anteromedial (AM) thalamic

nuclei, as well as CA1-3 regions of the hippocampus and the dentate gyrus.

Because the sex of newborns rats is often ambiguous, genetic screening was used to confirm

sex as described elsewhere 29. Briefly, DNA was isolated from tissue samples, and Sex-

determining region Y (Sry, male-specific) and beta actin (autosomal) gene sequences were

amplified by polymerase chain reaction (PCR) using Taq DNA polymerase (G-Biosciences,

St. Louis, MO) and primers obtained from Eurofins MWG Operon (Huntsville, AL). After

isolation of genomic DNA, PCR products were subjected to electrophoresis in 2% agarose

gel, and males were identified by presence of two separate bands and females with a single

band.

Object Recognition Tasks

Testing occurred similar to the paradigm used by others25,26. Male and female subjects were

assessed using the same testing area and objects. Testing arenas and objects were wiped with

70% ethanol between subjects. Object recognition testing took place in two separate testing

arenas, hereafter referred to as “contexts,” of identical size (61 cm square base, walls 50 cm

high). The two were distinct in their appearance and texture to allow testing of context-

specific memory. Context 1 had yellow walls and a base covered in wood-effect vinyl

lining, while context 2 had black walls and a black plastic base. Visual cues were placed on

three different walls within each context. Animals were introduced into the contexts facing

the same direction and in the same location, and subjects were habituated to the contexts

prior to testing. Each object was validated to avoid object bias. Investigation of an object

was defined as sniffing or placing the nose within 1 cm of and oriented toward the object.

Subjects were video recorded and reviewed by blinded observers to determine investigation

times.

All subjects underwent the full series of testing in the order presented here with one trial per

day. The subjects' order of testing also rotated each day so that the timing of behavioral

testing was counterbalanced among subjects and groups. Testing began at postnatal day 38

(P38) with novel object recognition (Fig. 3). Subjects were assessed in their ability to recall

a previously encountered object. A single trial was performed, and half of the subjects were

tested in context 1 and the other half in context 2. During the “exposure”, the subject was

placed into the context and explored two identical objects for four minutes. Following a

two-minute delay, in the “test” phase, the animal was placed into the same context with one

of the previous objects replaced with a novel object. The location (left or right) of the novel
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object within each context was counterbalanced among subjects. For each task, object

investigation times during the initial exposure were compared, given possible confounding

effects of varying investigation times on object recognition in the subsequent test phase.

Using object recognition as the premise, the tasks were then made increasingly complex. By

using different objects and varying the locations and contexts in which they were presented,

subjects were assessed in their ability to associate an object with a particular location,

context, or combination of location and context. The arrangement used to assess each of

these associative memory tasks is presented in Fig 3.

In the final task of object-place-context recognition, control female subjects were identified

as having increased object investigation during the exposure, thereby potentially conferring

an advantage in subsequent object recognition. The following set of trials (Trials 3 and 4)

were therefore performed while controlling for investigation times. Subjects were observed

during the exposure with a goal of 15 seconds of investigation per object. Animals remained

in the context for a minimum of two minutes and a maximum of five minutes to ensure

adequate familiarization to the context. After the two-minute mark, if they reached the

required investigation times, then they were removed. The test phase lasted four minutes and

was recorded and later reviewed.

Social Behavior and Social Recognition

Social interaction and recognition were assessed using a discrimination paradigm. In the

“exposure” phase, the subject was presented with a caged stimulus animal alongside an

empty cage for five minutes. This arrangement evaluates social interaction by determining

whether subjects appropriately spend more time investigating the social target 7. After a

sixty-minute delay, the subject was presented simultaneously with the same “familiar”

stimulus animal and a novel animal for three minutes. Social recognition is demonstrated by

decreased investigation of the familiar target relative to the novel one.

Same-sex juvenile conspecifics were used as stimulus animals. Male and female pups five

weeks of age were housed individually one week prior to testing. Investigation was defined

as any direct contact with the subject's nose or paws, as well as sniffing toward any part of

the juvenile including the tail if it extended outside of the cage. Investigation of the empty

cage was defined as sniffing or placing the nose within 1 cm of and oriented toward the

cage, and excluded using the cage as a support during rearing.

Statistical Analysis

Data were analyzed using Prism 6 Software for Mac OSX (GraphPad Software Inc., San

Diego, CA). Data were assessed for normal distribution using the D'agonistino and Pearson

test. Parametric tests were used for normally distributed data; otherwise, a nonparametric

test was used. All comparisons used a two-tail test and a P value less than 0.05 was

considered statistically significant.

Subjects were evaluated in their ability to recognize familiar stimuli, reflected by the relative

time spent investigating two separate targets. For the final task (object-place-context

recognition), times from Trials 1 and 2 were combined for analysis, and Trials 3 and 4 were
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assessed together. The ratio paired t-test was used to compare normally distributed data, and

nonparametric data were analyzed with the Wilcoxon matched-pairs rank test. In addition, a

“discrimination index” (DI) was calculated, representing the time spent investigating the

novel target relative to the familiar target. To calculate DI, the time spent investigating the

familiar target was subtracted from the time spent on the novel target, and this was divided

by the total (eg. DI = (Novel-Familiar)/(Total Time)). DI provides a single value and

therefore allows analysis by two-way ANOVA to compare effects of treatment or sex.

To identify and control for possible confounding effects of varying investigation times on

subsequent object/animal recognition, the investigation times during the exposure phase

were compared between the groups. These times were compared using one-way ANOVA

for normally distributed data and Kruskal-Wallis test for nonparametric data. Bonferonni's

post-test with multiple comparisons was used following one-way ANOVA, and Dunn's post-

test was used with the Kruskal-Wallis test.

Two-way ANOVA was used to assess the effects of sex and treatment on neuronal death.

Neuronal death for each brain region was compared using two-way ANOVA and Bonferroni

post-test. The fold-increase in neuroapoptosis was determined for each structure by dividing

the total FJ-positive cells of each treatment animal (n=20) by the average number of FJ-

positive cells per structure for the whole control group (n=20).

Results

Brain cell death occurs similarly in males and females

There was increased neuronal death acutely in male and female treatment groups relative to

the two control groups for each brain region with no significant effect of sex on the extent of

cell death (Fig. 4A-F). Isoflurane resulted in markedly increased cell death in the

anterodorsal thalamus (F(1,36) = 57.41, P < 0.0001), anteroventral thalamus (F(1,36) = 53.98,

P < 0.0001), anteromedial thalamus(F(1,36) = 110.5, P < 0.0001), laterodorsal thalamus

(F(1,36) = 92.56, P < 0.0001), hippocampus (F(1,36) = 38.92, P < 0.0001), and dentate gyrus

(F(1,36) = 41.17, P < 0.0001). The fold-increase in cell death for each brain region is shown

in Figure 4G.

Behavior Group Assignment and Anesthesia

In separate series of experiments, survival and blood gas analyses (pH, pO2, pCO2) were

performed and found to be the same in P7 male and female rats and similar to results

reported previously9. In addition, we assessed MAC using pooled data from multiple rounds

of anesthesia in separate male and female groups. There was no difference identified in the

anesthetic requirement or MAC between sexes (Fig. 2). Therefore, at P7, groups of male and

female animals were obtained from the vendor and assigned to control or treatment groups

for behavioral experiments. Twelve pups were assigned to each male or female control

group and eighteen pups to each male or female anesthesia group. Given the anticipated

mortality, eighteen rats were anesthetized in each male and female group with the goal of

yielding 11-12 treatment subjects per group. The mortality of 27% for all anesthetized

subjects is consistent with prior results 6,9,20, although the difference in mortality for
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separately anesthetized groups yielded a greater number of treatment female rats. In

addition, the sex of several pups was incorrectly assigned by the vendor, resulting in final

group sizes of 8 male control, 16 female control, 8 male treatment, and 18 female treatment

animals (Fig. 1).

Object discrimination remains intact in both sexes

All groups were able to distinguish familiar and novel objects evidenced by greater

investigation of the novel object (control male P = 0.0151, treatment male P = 0.023, control

female P < 0.0001, treatment female P < 0.0001, ratio paired t-test of familiar vs. novel

object, Fig. 5A). Two-way ANOVA of the Discrimination Index (DI), which represents the

time spent investigating the novel target relative to the familiar one, demonstrated no effect

of treatment (F(1,45) = 0.0005, P = 0.98) or sex (F(1,45) = 0.002, P = 0.96, Fig. 5B). There

was no difference among groups in time spent investigating the objects during the initial

exposure (P = 0.29, Kruskal-Wallis test).

Males are impaired in object-place, object-context, and object-place-context recognition
while females are unaffected

All groups but the male treatment group were able to recognize an object and its spatial

location. Subjects, except male treatment animals, preferentially explored the object

occupying a novel location (control male P = 0.027, treatment male P = 0.73, control female

P = 0.0028, treatment female P < 0.0001, ratio paired t-test of familiar vs. novel location,

Fig. 5C). Two-way ANOVA of DI did not demonstrate a significant effect of treatment

(F(1,44) = 0.49, P = 0.48) or sex (F(1,44) = 2.88, P = 0.09), although further investigation

comparing treatments groups by sex revealed that the female treatment DI was significantly

higher than the male treatment DI (P = 0.041, Bonferroni post-test, Fig. 5D). This difference

occurred despite increased object exploration by the male treatment group during the initial

exposure (P = 0.0011, Kruskal-Wallis test; male treatment vs. female treatment, P = 0.02,

Dunn's post-test).

Male treatment subjects were also impaired in object-context recognition (P = 0.69, ratio

paired t-test of familiar vs. out-of-context, Fig. 5E). All other groups spent more time

investigating the out-of-context object (control male P = 0.015, control female P < 0.0001,

treatment female P = 0.012, ratio paired t-test of familiar vs. out-of-context object, Fig. 5E).

DI was unaffected by treatment or sex (F(1,46) = 3.2, P = 0.08; F(1,46) = 1.09, P = 0.3; two-

way ANOVA). Investigation times of the initial exposures were combined for analysis, and

one-way ANOVA revealed no difference among groups (P = 0.25).

The male treatment group was the only one impaired in object-place-context recognition, as

well. The investigation times for Trials 1 and 2 were combined for analysis, and all groups

but the male treatment group spent more time investigating the “displaced” object (control

male P = 0.0034, treatment male P = 0.20, control female P < 0.0001, treatment female P =

0.013; ratio paired t-test of familiar vs. displaced object, Fig. 6A). Comparison of DI by

two-way ANOVA found a significant interaction between treatment and sex (F(1,46) = 8.9, P

= 0.004), and further evaluation identified the male treatment DI as significantly lower than

female treatment DI (P = 0.01, Bonferonni post-test, Fig. 6B). In this task, the female control
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group spent more time investigating the objects during the exposure than the male treatment

group (P = 0.041, one-way ANOVA, Bonferonni post-test).

Because increased object exploration during the exposure leads to deeper encoding of

memory, we repeated the experiment while controlling for investigation time. Times were

combined for analysis in trials 3 and 4, and once again the male treatment group was unable

to distinguish between familiar and novel configurations of object, place, and context

(control male P = 0.048, treatment male P = 0.1239, control female P = 0.0002, treatment

female P = 0.001, ratio paired t-test of familiar vs. displaced object, Fig. 6C). The female

treatment DI was higher than male treatment DI although this did not reach statistical

significance (F(1,46) = 3.3, P = 0.07; F(1,46) = 0.69, P = 0.41; two-way ANOVA, Fig. 6D). As

expected, no difference was found between groups for the exposure phase (one-way

ANOVA, P = 0.43).

Both sexes display normal social investigatory behavior but only males have impaired
social memory

All animals demonstrated normal social investigatory behavior and spent much more time

with the social target than the empty cage (all P < 0.0001, ratio paired t-test of social target

vs. empty cage, Fig. 7A). There was no difference in total time spent investigating the

stimulus animal among the four groups (P = 0.39, one-way ANOVA), reflecting equal

motivation and interest regardless of treatment or sex.

Treatment males were the only subjects with deficient social memory and could not

distinguish familiar and novel stimulus animals following a one-hour delay (P = 0.32, ratio

paired t-test of familiar vs. novel, Fig. 7B). All other groups preferentially explored the

novel stimulus animal (control male P = 0.037, control female P = 0.0202, treatment female

P < 0.0001, ratio paired t-test of familiar vs. novel, Fig. 7B). The male treatment DI was also

significantly lower than the female treatment DI (F(1,46) = 6.5, P = 0.04; two-way ANOVA,

Bonferonni post-test, Fig. 7C).

Discussion

The major finding of this study is that while neuronal death occurs similarly in the

hippocampus and thalamic nuclei of both sexes immediately following isoflurane exposure,

there is a profound difference in behavioral outcomes. Males are impaired in multiple tasks

that rely on allocentric cues, association of contextual details, and social recognition.

Anesthetized females, meanwhile, were unaffected in these tasks. This suggests that males

and females follow distinct paths of neural and cognitive development after an early

anesthetic-mediated effect on the brain. Both male and female rats exhibit extensive

neuronal death, yet drastic behavioral impairment is manifested only in male subjects. This

observation not only identifies a worse behavioral outcome in males but also challenges the

theory that neuronal death has a causative relationship.

The lack of studies investigating sex differences after anesthesia exposure may be due, in

part, to intrinsic difficulties faced when comparing subjects with species and sex-specific

differences in memory. In rats, females generally outperform males in tasks of object
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recognition, while males are better at tasks of spatial learning and memory 30. Studies in

mice are variable with some reporting either no difference or male superiority in object

recognition 31,32, while others find females to be better in object discrimination 33,34. An

investigation in Long-Evans rats shows that age and sex could influence social recognition

ability, although estrous cycle appeared to have no effect 35. The differences we find

between treatment animals of each sex may be attributed partially to innate variability in

learning and memory; however, this alone likely does not account for the significant

disparity in behavior. By using a series of tasks with increasing difficulty we are able to

make comparisons along a spectrum, and it is doubtful that memory in females is robust

enough to completely mask an insult to the developing brain, while males are unable to

distinguish between targets in any task relying on associative or social memory.

Male impairment in memory may be related to early anesthetic effects on the developing

brain. Associative memory involves learning relationships among distinct elements and is

necessary for understanding the significance of combinations of cues 36,37. Hippocampal

and thalamic lesions in rats affect associative memory and cause impaired learning of spatial

relationships between elements 37,38 and object-place recognition 27. Social recognition

relies on the interaction of multiple brain regions and hormones, including oxytocin and

vasopressin 39-41. The lateral septum contains high numbers of vasopressin receptors 42 and

has reciprocal connections to higher order brain regions including the thalamus and

hippocampus 43,44. Anesthesia exposure early in life causing brain cell death, which is

particularly profound in the thalamus 4,6,7,21, may potentially contribute to the behavioral

deficits we observed. Unlike Satomoto et al, we did not observe abnormal social behavior,

and both male and female treatment subjects displayed the same social interaction as

controls; therefore, our findings do not support a correlation between anesthesia and autism-

like behavior, and the impairment in social recognition is more likely a consequence of

memory encoding than innate social behavior.

Importantly, females suffer a similar extent of cell death yet do not display behavioral

deficits. A possible explanation is that females have improved recovery following

neurotoxic effects of volatile anesthetics, especially since many studies find protective

effects of hormones that are expressed predominantly in females 45-47. Brain-derived

neurotrophic factor (BDNF) is a secreted protein involved in the survival, growth, and

development of neurons and proper synapse formation 48,49, and estrogen has been shown to

increase the expression of BDNF 10,50-52. Anesthetics not only cause cell death but have

been shown to result in significant neuroinflammation 53, in addition to changes in cell

signaling 54, stem cell proliferation 55, and synapse formation 56,57; these effects could be

mitigated by protective properties of estrogen and progesterone 45-47,58,59. Due to hormonal

differences, females may be more resilient in their ability to recover and form proper

connections after anesthesia-induced effects on neural development. This might explain why

females in our study were unaltered while males were profoundly impaired in tests of both

associative memory and social recognition.

The timing of isoflurane exposure in the rats at postnatal day 7 occurs during a period of

peak neural development and synaptogenesis, which overlaps with a corresponding stage of

development in humans in the late 3rd trimester through the first several months of life
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depending on the specific brain region of interest60. The subjects in our study were tested

during adolescence, which is when most retrospective human trials identify a cognitive

deficit in children after anesthesia1,2. Thus, the timing of anesthetic exposure and

subsequent cognitive outcomes are consistent between species, which suggests that similar

processes of neural development may be affected in both. Still, rodents are simply a model,

and it is important to understand the differences in the overall complexity and timing of

development between species when interpreting the experimental findings in animals and

how they apply to humans.

There are certain other limitations to consider when interpreting our results. While a deficit

was not identified in the female treatment subjects, this does not necessarily mean that

females were entirely unaffected. A behavioral deficit might be revealed by increasing the

difficulty of the tasks (for instance, prolonging delay between exposure and memory

retrieval). Other factors that may play a role in the cognitive outcomes of male and female

subjects in the study include possible differences between sexes in their response to food

restriction, activity patterns during the day, as well as hormone cycling, which might

influence behavioral findings and should be kept in mind. Also, a comprehensive analysis of

neuronal death was not undertaken, and it is possible that other brain regions show a

difference. The hippocampus and thalamus were chosen, however, because of their

underlying role in the investigated behavior. Finally, there are inherent limitations in

anesthetizing P7 animals that expose them to physiologic changes, notably that of

hypercarbia 6. Although physiologic parameters are difficult to reliably monitor or control in

P7 rodents, blood gas analyses (pH, pO2, pCO2) can be measured and reveal no difference

between males and females, and hypercarbia alone does not predispose subjects to memory

deficits 6.

The mechanisms by which anesthetics alter long-term behavior remain unknown. Within the

nervous system, processes of brain cell death, changes in synapses, and alteration of stem

cell function have been implicated in behavioral deficits. To date, no studies have

conclusively tied behavior to a neuro-anatomic or neuro-chemical change. The results of this

study suggest that brain cell death alone is not sufficient to account for the cognitive

dysfunction since both sexes had equivalent cell death. Future studies exploring sex-specific

outcomes will help elucidate these effects and lead to a better understanding of the roles of

sex and hormones on brain development and protection.
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Highlights

• Isoflurane exposure in infancy induces equivalent neurodegeneration in male

and female rats

• Male rats anesthetized as newborns suffer long-term problems with contextual

learning and memory

• Female rats did not exhibit long-term cognitive impairment after anesthesia

• Male and female rats have distinct cognitive outcomes in spite of similar

neuronal death
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Figure 1. Group assignment
At postnatal day 7, male and female rats were randomized to control or isoflurane groups for

separate experiments investigating neuronal death and behavior. Neuronal death was

assessed 12 hours after anesthesia. Separate groups of animals underwent behavioral testing

beginning at P38. The number of animals in each group (n) is also presented.

Lee et al. Page 16

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
MAC and isoflurane concentration in subjects. In separate experiments, male and female P7

rats were anesthetized to determine MAC and compare the potency of isoflurane. These

experiments provided a larger sample size to compare anesthetic effects, and comparison

between sexes shows no difference in the concentration and MAC values. The subjects in

this study underwent the same anesthetic model for experiments of neurodegeneration and

behavior.

Lee et al. Page 17

Neuropharmacology. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Object recognition tasks
A) Novel object recognition. Two identical objects are presented in the exposure phase, and

one of these objects is replaced with a novel object (*) in the test phase. B) Object-place
recognition. Two different objects are presented followed by two identical objects. In the

test phase, one object (*) appears in a new location within the context. C) Object-context
recognition. Two separate pairs of objects are presented in two different contexts so that

each object is associated with a context. In the test phase, one object (*) appears within a

context in which it has not been explored. D) Object-place-context recognition. Two

different objects are presented in Exposure 1. These same objects are presented in a different

context with their locations switched in Exposure 2. Thus, after two exposures, each object

is seen both locations and contexts. In the test phase, two identical objects are presented in

either context, so that one object (*) is presented in a novel configuration of place and

context. There are four total configurations with two of these beginning in context 1 (Setup

1) and the other two in context 2 (Setup 2).
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Figure 4. Neuronal death results
A to F) There is increased cell death in each brain region for both male and female animals

immediately following anesthesia (n=10 per group). The extent of cell death in treatment

males and females is similar. Representative images (FJC staining 12 h post-anesthesia)

from male and female brains at 20X magnification are displayed alongside graphs

comparing total FluoroJade-positive cells for each structure. G) The average fold-increases

in neuronal death relative to controls are shown. The fold-increase is determined from

pooled data of all anesthetized subjects relative to the average of the control subjects.
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Figure 5.
A) Novel Object Recognition In the task, subjects are tested in their ability to recognize a

familiar object independent of location or context. All groups were able to recognize and

distinguish the two objects reflected by increased investigation of the novel object. B) The

discrimination index (DI), representing the time spent investigating the novel object relative

to the familiar one, was similar among the groups. C) Object-Place Recognition. This task

requires the subject to identify an object and its previous location within the context.

Treatment males were the only subjects unable to recognize the object and its spatial

location. D) Two-way ANOVA with Bonferroni post-test identified the female treatment DI

as significantly higher than male treatment DI. E) Object-Context Recognition. Subjects

are tested in their ability to recognize an object and the context in which it appeared. All but

the male treatment group successfully recognized an object with its associated context. F)
The male treatment DI was lower than the female treatment DI but did not reach statistical

significance. * P < 0.05, ** P < 0.01, *** P < 0.001, n.s. = not significant
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Figure 6. Object-Place-Context Recognition
A) In the final test of object recognition, animals were evaluated in their memory of an

object, its spatial position, and the context in which it appeared. Only the male treatment

group was unable to recognize the object with its associated location and context. B) Two-

way ANOVA identified a significant interaction of treatment and sex, and the treatment

female DI was greater than the treatment male DI. C) A second set of trials was performed

for the task because of differences in investigation time between groups during initial

exposure, possibly conferring an advantage to females in subsequent recognition. Even

when controlling for investigation time during the exposure, female treatment animals

demonstrated successful object recognition while male treatment subjects were again

impaired. D) In trials 3 and 4, the female treatment DI was again higher than male treatment

DI but did not reach statistical significance.
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Figure 7.
A) Social Interaction. In the exposure, the subjects were simultaneously presented with a

caged same-sex juvenile and an inanimate object, and all subjects displayed normal social

behavior and spent more time with the social target. B) Social Recognition. Animals were

tested in their ability to recognize a previously encountered juvenile using a discrimination

model. In the test phase, subjects were presented simultaneously with a familiar and novel

juvenile. All groups except the male treatment group were able to recognize the familiar

animal, evidenced by the decreased investigation of the familiar relative to the novel animal.
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C) Discrimination Index. Two-way ANOVA identified the treatment female DI as

significantly higher than the treatment male DI. * P < 0.05, ** P < 0.01, *** P < 0.001
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