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Early exposure to general anesthesia impairs social and emotional
development in rats
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Abstract

Several animal and emerging human studies suggest an association between an early exposure to general anesthesia (GA) and long-
lasting problems with complex social and emotional behaviors such as inattentiveness, impulsivity, anxiogenic tendencies, as well as
difficulties engaging in proper social intercourse, with significant increase in attention deficit and hyperactivity-type behaviors. To
further investigate these behaviors, and to examine the potential of presently available rodent behavioral models to guide future
assessments of long-term socio-emotional impairments in humans, we examined the long-term effects of GA on anxiety/fear and
social behaviors. We exposed male and female Sprague-Dawley infant rats at the peak of their synaptogenesis to either GA containing
midazolam (9 mg/kg, i.p.), 70% nitrous oxide (N,O) and 0.75% isoflurane (Iso) administered in 29—30% oxygen (experimental), or
air (with 30% oxygen) plus the vehicle, 0.1% dimethyl sulfoxide (Sham) for 6 h. Behavioral experiments were conducted at
adolescence (the open-field test) and young adulthood (the open-field test, the elevated plus-maze and the social novelty test). We
report that an early exposure to GA during critical stages of brain development results in long-lasting increase in risk-taking tendencies
and significant changes in the anxiety-related behaviors when tested in young adult rats. In addition, we noted novelty-seeking
tendencies/less guarded behavior with changes in social discrimination. We conclude that early exposure to anesthesia may have
lasting influences on emotional and social development. Importantly, our results show that currently used rodent behavioral models
could be a good correlate to assess long-term socio-emotional GA-induced impairments observed in humans.
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Introduction

A growing number of studies in animals [1-3] and humans
[4-6] suggest an association between early exposure to gen-
eral anesthesia (GA) and long-term impairments in cognitive
behavior. Of particular interest for this study is the rapidly
growing armamentarium of evidence, which takes this corre-
lation a step further to include association between early ex-
posure to GA and long-lasting problems with social and emo-
tional development not only in rodents [7] and non-human
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primates [8] but also in humans as well [9-11]. The impair-
ments in emotional development and social interactions have
been described as inattentiveness, impulsivity, anxiogenic be-
haviors, and difficulties engaging in proper social intercourse
with significant increase in attention deficit and hyperactivity-
type behaviors [11]. In a rodent study, it was noted that
anesthesia-exposed animals exhibited long-lasting deficits in
contextual and cued fear conditioning, as well as abnormal
social interactions [7].

Although the social interaction and emotional behav-
iors are less complex in rodents than in higher mam-
mals, it is important to validate currently available ro-
dent behavioral tests so that further mechanistic and
observational studies can be performed using more eco-
nomical and easy-to-modulate rodent models. As we
continue to grasp the potentially detrimental effects of
a class of drugs that is crucial to modern medicine and
frequently used in daily pediatric care, it is important to
recognize all aspects of these GA-induced detrimental
effects on normal behavioral development—from cogni-
tive to complex social and emotional behaviors.
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Hence, we set out to study the long-term effects of early
exposure to GA on the socio-emotional development of ado-
lescent and young adult rats using presently available behav-
ioral tests suitable for the assessment of fear and anxiety, risk-
taking behavior, and social interactions. We show that the GA-
induced socio-emotional behaviors in rats are comparable to
GA-induced socio-emotional behaviors described in non-
human primates and humans confirming two important facts:
(1) GA exposure during critical stages of brain synaptogenesis
causes not only cognitive impairments as previously described
but also potentially significant impairments in anxiety and fear
behaviors with modified risk-taking response and alterations
in social preference, and (2) presently available rodent behav-
ioral models used for the assessment of complex socio-
emotional behavioral development could be useful in guiding
future assessments of potential long-term socio-emotional
GA-induced impairments in humans.

Materials and Methods
Anesthesia Delivery

A total of 8 litters from 8 rat dams were used in this study. At
post-natal day 7 (P7), both male and female Sprague-Dawley
rats (Envigo, Indianapolis, IN, USA) were randomly assigned
to either the experimental (anesthesia) or Sham control group.
The anesthesia group was exposed to 6 h of a clinically rele-
vant triple combination consisting of midazolam, 9 mg/kg in-
traperitoneally (i.p.), 70% N,O, and 0.75% isoflurane (Iso)
administered in 29-30% oxygen in a temperature-controlled
anesthesia chamber. Sham controls were littermates separated
from their dams and exposed to 6 h of mock anesthesia in an
air-filled temperature-controlled chamber (with 30% oxygen)
immediately post i.p. injection of 0.1% dimethyl sulfoxide
(DMSO), the vehicle used to dissolve midazolam in the ex-
perimental group. An agent-specific vaporizer was used to
deliver a set percentage of Iso with a mixture of O, and N,O
gases. The temperature-controlled chambers were preset to
maintain ambient temperature at 33—34 °C. The composition
of gases was analyzed using real-time feedback (Datex
Capnomac Ultima) to assess the levels of N,O, Iso, CO,,
and O,. Both experimental and Sham control pups were sep-
arated from their dams during the exposure and were reunited
immediately thereafter.

Behavioral Experiments

All animals were weaned at 3 weeks of age. After weaning,
rats of the same sex were housed in individually ventilated
cages in groups of five and had free access to the standard
rodent diet (Teklad, Envigo) and water. All handling and test-
ing took place during the light phase of the diurnal cycle.
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Animals were tested at two time points using three well-
established behavioral paradigms: (1) the open-field, (2) the
elevated plus-maze, and (3) the social novelty tests. The time-
line of the behavioral tests is presented in Fig. 1. The body
weight of each animal was measured after the last behavioral
test, and we found no difference between the control and treat-
ed groups (Sham females 251.9 +3.9 g vs. GA females 258.2

+4.4 g; 133 =1.06, p =0.298; Sham males 412.9+11.2 g vs.
GA males 427.9+8.5 g; t40 =1.08, p =0.285). The experi-
ments were approved by the Animal Use and Care Committee
of the University of Virginia, Charlottesville, VA. Treatment
of rats adhered to the NIH Guide for the Care and Use of
Laboratory Animals. All efforts were made to minimize ani-
mal suffering and to use only the number of animals necessary
to produce reliable data. Test sessions were recorded and an-
alyzed using ANY-maze Video Tracking System software
(Stoelting Co., USA).

Open-Field

Rats were brought into the testing room in their home cage at
least 30 min prior to the start of testing. For the testing, each
rat was placed in the square arena (91.4 cm x91.4 cm x
45.7 cm) and was allowed to freely explore the environment
during a period of 10 min, always starting from the same
position close to one of the borders of the arena. The animal
activity in the open-field arena was recorded using ANY-maze
software. The open-field arena was virtually divided in two
zones: the border zone (within 36% of the total field area
closest to the wall) and the inner zone (the remaining central
64% of the floor surface). The total distance traveled was
evaluated as a measure of locomotor activity. The distance
traveled in the border zone and the number of entries of the
animals’s head to the inner zone were used to assess the level
of thigmotaxic behavior. The floor and walls of the open-field
arena were cleaned with diluted ethanol after each trial to
eliminate the odors of previously tested rats.

Elevated Plus-Maze

The elevated plus-maze apparatus consisted of two open
(50 cm % 10 cm) and two enclosed arms (50 cm % 10 cm x
40 cm), connected by a junction area (10 cm x 10 cm). At
the start of the test, each animal was placed in the middle
area facing the open arm, away from the experimenter and
was allowed to explore the maze for 5 min. The total dis-
tance traveled was evaluated as a measure of locomotor
activity, while the percentage of time spent in the open arms
and the number of entries to the distal part of the open arms
were used to assess the level of anxiety. The distal part was
virtually defined as a square that includes approximately
40% of the open arm with an open area surrounding it
(see the diagram in Fig. 3).



Mol Neurobiol

Fig. 1 The summary of
experimental protocol and 39
timeline of behavioral

ooy Lo

=N
experiments in rat pups (P7), T
adolescent (P27—P37) and young P7
adult (P61-P87) rats T

Sham GA

0.1% DMSO
room air

9 mg/kg midazolam
70% N,O
0.75% isoflurane

Social Novelty Test

The social novelty test was used to analyze the behavior
of an animal exploring an apparatus made of three com-
municating chambers (total 91.4 cm x45.7 cm x
45.7 cm; three communicating chambers 30.5 cm X
45.7 cm x45.7 cm each; elevation from the floor
31.8 cm; opening between the chambers 9.5 cm). In
the first stage (habituation), the test subject was placed
in the middle chamber and was allowed to explore only
this chamber during a period of 5 min. In the second
stage (sociability), the test subject was again placed in
the middle chamber but was allowed to explore all three
chambers. One of the chambers contained a stimulus
animal (stranger 1) protected by a wire cage, which
permitted only minimal contact interaction initiated by
the tested subject, while the opposite chamber contained
only an empty wire cage similar to the one in the first
chamber. In the last stage (social novelty), stranger 1
was left in the same place, and another stimulus animal
(stranger 2) was added inside the previously empty wire
cage. The test animal repeated the experiment with a
choice between exploring the novel (stranger 2) or the
familiar animal (stranger 1), both of which were sex-
and age-matched with the test animals. Sociability and
social novelty stages lasted 10 min each. Between the
sessions, the apparatus was cleaned with diluted ethanol
and allowed to dry.

Data Analysis

The results are presented as means = SEM. Statistical
analysis was performed using two-way ANOVA (sex
and treatment as main factors), and significance was
accepted as p<0.05. Where applicable, Sidak’s post
hoc test for multiple comparisons was used. The issues
of normality and heterogeneity of variation were evalu-
ated to determine the adequacy of the ANOVA models
and whether additional analyses were warranted.
Statistical and graphical analyses were performed using
GraphPad Prism 7.02 software (GraphPad Software, La
Jolla, CA).

|
P61-P87

[

[
P27-P37

[

Results

Young Adult Rats Exposed to General Anesthesia
at P7 Exhibit Abnormal Open-Field Behavior

To assess the long-term effects of an early exposure to anes-
thesia (at P7) on exploration and locomotor activity, as well as
the thigmotaxic behavior, we utilized the open-field test. As
depicted in Fig. 1, we used this paradigm in two age groups:
P27-P37 (adolescent) and P61-P65 (young adults). First, we
analyzed the total distance traveled in the open-field arena
during a 10-min interval. Two-way ANOVA revealed that
female rats, regardless of treatment protocol, traveled signifi-
cantly longer distances (in meters (m)) than males in both age
groups (Fig. 2a, b) (***p <0.001). For example, Sham male
rats traveled an average 51.5 + 2.1 m (adolescents) and 49.6 +
1.7 m (young adults), whereas Sham female rats traveled an
average of 60.1 + 2.0 m (adolescents) and 60.7 + 2.7 m (young
adults). However, there were no anesthesia-induced effects on
locomotor activity in either male or female compared to their
respective Sham controls.

Next, we investigated the thigmotaxic behavior in these
animals by measuring the time spent (data not shown) and
the distance traveled in the border zone (Fig. 2¢, d). In ado-
lescent rats, there was no significant influence of treatment in
the time spent nor the distance traveled in the border zone
(Fig. 2¢). In young adults, however, both males and females
in the GA group traveled shorter distances, with no change in
the time spent close to the wall of the arena, as compared to the
Sham littermates (Fig. 2d). For example, GA-treated females
traveled 28.3 = 1.4 m, compared to 31.7 + 1.6 m in the control
females (p = 0.073). Female rats in both age groups, regardless
of the treatment, preferred to stay in the border zone, as com-
pared to their male littermates. Since the time spent in the
border zone was not affected either by sex or treatment in both
age groups, we conclude that females moved faster than males
in the open-field arena.

To further analyze the rats’ thigmotaxic behavior, we
assessed the number of entries to the inner zone of the open-
field arena (Fig. 2e, f). This parameter remained unchanged in
adolescent rats, although a statistical trend was detected
(factor treatment p = 0.084; Fig. 2¢). The difference between

@ Springer



Mol Neurobiol

a | adolescent rats | Border zone b | young adult rats |
80~ xx v 80- .
3 B A
= 60 T | = 60
o —— nner ©
2 zone e I 1
_g 404 _‘3 40
<] <]
© 204 © 20-
o =31 Sham 5 =3 Sham
0 21 18 mE GA 0 21 18 m GA
& o & &
& Qe& N Qe&
c d
\E— 40- *% \E’ 40- *
Q —I_I_I o ——1
S T g ' T '
N 304 | ] N 30-
L = 1
) )
T T
O 20+ O 204
2 2
c £
o 101 o 101
g 3 Sham g 3 Sham
© m GA ] B GA
ko A
7] 0 r T X7} 0 r r
(=] X Q}eq’ (] 0\0"’ 'z}ef’
~ e ~ &
e f &
o )
< 120- g 120+ *%
[e]
N N [
| 4 1S
.E 80- — — .E 80 T
8 8
n n
O )
‘= 404 ‘= 40+
= T
o 3 Sham ) 3 Sham | .
e mEm GA ‘S mEm GA
°Z 0 T T °Z 0 T T
9 2 9 9
N N \@ \&
> 2 2 2
~ Qé“ ~ r

Fig. 2 Open-field behavior of rats exposed to general anesthesia at P7. a,
b Total distance traveled in the open-field arena during 10 min, measured
in adolescent (a) and young adult rats (b). Female rats traveled longer
distances than male littermates at both time points, as assessed by two-
way ANOVA (adolescent—factor sex F 79 =20.58, p <0.001; young
adult—factor sex F; 79=39.58, p <0.001; interaction and factor treat-
ment not significant for both age groups). The number of animals in each
group is indicated at the bottom of each bar. ¢, d The distance traveled in
the border zone (36% of the entire arena), measured in adolescent (¢) and
young adult rats (d). Female rats traveled longer distances in the border
zone than male littermates at both time points (adolescent—factor sex

Sham and GA animals in this parameter reached significance

in young adulthood, suggesting enhanced risk-taking behavior
and less guarded/more impulsive approach in the GA group
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Fy790=8.49, p=0.005; young adult—factor sex F; 70=06.03, p=0.016;
interaction and factor treatment not significant for both age groups). e, f
The number of entries to the inner zone, measured in adolescent (e) and
young adult rats (f). Both male and female young adult rats exposed to
GA at P7 had more entries to the inner zone of the open-field arena (64%
of the entire arena), as compared to the Sham group (factor treatment
F1790=16.58, p=0.012; interaction not significant). Female rats had over-
all fewer entries to the inner zone (factor sex F 79=9.88, p=0.002).
*p <0.05, ¥*p <0.01, and ***p <0.001, two-way ANOVA. Each bar
represents the mean + SEM

(*p <0.05; Fig. 2f). Finally, young adult, but not adolescent,
female rats in both treatment groups had fewer entries to the
inner zone than the corresponding male littermates. Based on
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these results, and other parameters not shown here, we infer
that an early exposure to GA may alter risk-taking behavior in
young adulthood, but not in adolescence.

Young Adult Rats Exposed to General Anesthesia
at P7 Exhibit Changes in Anxiety-Related Behavior
in the Elevated Plus-Maze

To investigate the anxiety-related behavior of rats exposed to
GA at P7, we subjected them to an elevated plus-maze task at
P75-P80 (young adults), a widely used rodent model for test-
ing anxiety [12, 13]. Similar to our observation in the open-
field test, young female rats compared to males showed an
increase in general activity, as assessed by longer distance
traveled in the maze during a 5-min interval, irrespective of
the treatment conditions (Fig. 3a). Female rats were also more

prone to investigate the open arms of the maze, which is in-
dicative of less cautions/more risk-taking behavior (Fig. 3b).
Interestingly, females in the GA group showed a slight de-
crease in the percent time spent in the open arms (42.5 +
4.3% vs. 51.8 +3.4% for females in the Sham group). When
we analyzed the animal behavior in the distant part of the open
arms by assessing the distance and the number of entries to
this area, we found that GA-exposed animals of both sexes
traveled shorter distances (Fig. 3c; *p <0.05) and had fewer
entries to the distal parts of the open arms (Fig. 3d; *p < 0.05),
as compared to their Sham controls. It appears, however, that
females were more affected than males. Namely, the interac-
tion of two analyzed factors approached significance (<} 79 =
3.87, p=0.053); thus, we used Sidak’s multiple comparison
test to analyze the treatment effect within males and females
for the distance traveled. This post hoc analysis revealed a
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Fig. 3 Anxiety-related behavior of Sham and GA-exposed rats in the
elevated plus-maze. a Total distance traveled in the elevated plus-maze
during 5 min, measured in young adult rats. Female rats, irrespective of
treatment, traveled longer distances than male littermates at both time
points, as assessed by two-way ANOVA (factor sex F 79=73.50,
p<0.001; interaction and factor treatment not significant). The number
of animals in each group is indicated at the bottom of each bar. b The
percent of time young adult rats spent in open arms of the elevated plus-
maze. Female rats, regardless of treatment, showed lower anxiety than
male littermates (factor sex F; 70 = 81.44, p <0.001; interaction and factor
treatment not significant). ¢ The distance traveled in the distal zone of the
open arms measured in young adult rats. Female rats, regardless of

treatment, had longer distances in the distal parts of the open arms than
male littermates (factor sex F'; 79 = 98.35, p <0.001; interaction not sig-
nificant). Both male and female young adult rats exposed to GA at P7
traveled shorter distances in the distal zone, relative to Sham controls
(factor treatment F 79 =4.46, p =0.038). d The number of entries to the
distal zone of the open arms, measured in young adult rats. Female rats,
regardless of treatment, explored the distal parts of the open arms more
freely than male littermates (factor sex F 79 = 108.00, p < 0.001; interac-
tion not significant). Both male and female young adult rats exposed to
GA at P7 had fewer entries to the distal zone than Sham controls (factor
treatment F; 79 =4.92, p=0.030). *p <0.05 and ***p <0.001, two-way
ANOVA. Each bar represents the mean + SEM
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significant effect of GA exposure in females (p =0.013), but
not in males (p = 0.993). Taken together, these results suggest
a GA-induced increase in anxiety/fear-related behavior in
young adult rats, with females being more susceptible than
male littermates.

Young Adult Rats Exposed to General Anesthesia
at P7 Show Increased Sociability and Social Novelty
Discrimination

To examine social discrimination, sociability, and social nov-
elty preference deficits, we first analyzed the general activity
of young adult rats (P83—P87) exposed to the Sham condition
or GA at P7 during three test stages of the social novelty
paradigm. We used the social novelty test as an established
behavioral paradigm for assessing social discrimination [14,
15], as well as sociability and social novelty preference defi-
cits in rodents [16].

In the habituation stage, both Sham and GA-treated female
rats showed increased locomotor activity (Fig. 4a), an effect
similar to that observed in the open-field test, as well as the
elevated plus-maze. During the sociability stage, however,
only females in the GA group showed significantly increased
activity while exploring the three chambers (Fig. 4b; 35.2 +
1.2 m in the GA group vs. 30.0+ 1.7 m in the Sham group;
**p <0.01). The effect of sex on the total distance traveled in
the third; social novelty stage was comparable to the one ob-
served in the habituation stage (Fig. 4c). Namely, although
there was no effect from treatment, there was a sex difference,
with females exhibiting significantly higher activity compared
to males (***p <0.001).

To assess the sociability of Sham and GA-treated rats, we
first measured the time and number of explorations of either
an unfamiliar rat (stranger 1) or an empty wire cage (Fig. 5a, b,
respectively). Based on these parameters, we noticed that both
males and females, regardless of the treatment protocol, pre-
ferred a stranger rat to an empty cage, suggesting a normal
level of sociability commonly observed in rodents [15, 16].
For example, males in the GA group spent an average of
166.6 +7.1 s exploring the stranger rat, compared to 110.5 +
5.3 s exploring an empty cage. Female rats in both Sham and
GA groups had fewer explorations of the stranger rat and
spent more time exploring an empty cage, as compared to
males. When we analyzed the time and number of entries to
the chambers containing a stranger rat (chamber 1) or an emp-
ty cage (chamber 2), we found that the rats of both sexes spent
more time in chamber 1 than chamber 2 (Fig. Sc, d), with
females spending more time in the chamber containing the
empty cage compared to males. Interestingly, GA females
were more active than their Sham counterparts, as evidenced
by a significant increase in the number of entries to both
chambers (¥*p <0.05). The results from the sociability phase
indicate a normal level of exploration and preference for an
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Fig. 4 General activity in the three stages of the social novelty test. a
Total distance traveled during 5 min of habituation, measured in Sham
and GA-treated young adult rats. Female rats, irrespective of treatment,
traveled longer distances than male littermates, as assessed by two-way
ANOVA (factor sex F; 73 = 109.70, p < 0.001; interaction and factor treat-
ment not significant). The number of animals in each group is indicated at
the bottom of each bar. b Total distance traveled during 10 min of the
sociability phase, measured in Sham and GA-treated young adult rats.
Only female rats in the GA group traveled longer distances than Sham
controls (interaction F 73 =6.37, p=0.014; Sidak’s multiple compari-
sons test: p=0.009). ¢ Total distance traveled during 10 min of the social
novelty phase, measured in Sham and GA-treated young adult rats.
Female rats, irrespective of treatment, traveled longer distances than male
littermates (factor sex F ;3 =15.07, p<0.001; interaction and factor
treatment not significant). **p <0.01 and ***p <0.001, two-way
ANOVA or Sidak’s test. Each bar represents the mean + SEM
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Fig. 5 Rat behavior during the sociability stage of the social novelty test.
a Time spent exploring (upper panel) and number of explorations (lower
panel) of an unfamiliar conspecific (stranger 1), measured in Sham and
GA-treated young adult rats. The number of animals in each group is
indicated at the bottom of each bar. Female rats, irrespective of treatment,
had fewer exploration episodes than male littermates, as assessed by two-
way ANOVA (factor sex F73=9.16, p=0.003; interaction and factor
treatment not significant). b Time spent exploring (upper panel) and
number of explorations of an empty wire cage (lower panel), measured
in Sham and GA-treated young adult rats. Female rats, irrespective of
treatment, spent more time exploring an empty cage than male littermates
(factor sex F73=4.61, p=0.035; interaction and factor treatment not
significant). ¢ Time spent exploring (upper panel) and number of entries

unfamiliar conspecific. However, the total distance traveled
(Fig. 4b) and the number of entries to both chambers of the
apparatus (lower panels, Fig. 5c, d) revealed an increased
locomotor activity of GA females compared to Sham ones,
suggesting an altered behavior when stimulated by the envi-
ronment containing either an unfamiliar conspecific or a phys-
ical object.

Finally, we tested the rats’ ability to recognize the familiar
rat from a previous stage (stranger 1) and show preference for
social interaction with a novel conspecific (stranger 2).
Indeed, all animals spent more time and had more interactions
with stranger 2, as compared to stranger 1 (Fig. 6a, b). For
example, males in the GA group spent on average 167.1 +
11.2 s exploring stranger 2, compared to only 101.1 £6.1 s
spent with stranger 1 (upper panels). However, it is notewor-
thy that both males and females in the GA group spent signif-
icantly more time with and exhibit higher number of explora-
tions of stranger 2 than Sham controls, suggesting even more
pronounced preference for a novel conspecific and less guard-
ed approach to novel situations. This effect was also observed
when we compared the time spent exploring the chamber
containing stranger 2 (Fig. 6d, upper panel). Finally, both
Sham and GA females showed significantly more activity
exploring the chamber 1 (Fig. 6¢, lower panel), but only GA
females had more entries to chamber 2 (Fig. 6d, lower panel).
These results suggest that GA-treated animals may exhibit less

(lower panel) to the chamber containing an unfamiliar conspecific (cham-
ber 1), measured in Sham and GA-treated young adult rats. Female rats in
the GA group had more entries to chamber 1 than Sham controls (inter-
action F} 73=4.09, p=0.047; Sidak’s multiple comparisons test: p =
0.033). d Time spent exploring (upper panel) and number of entries (low-
er panel) to the chamber containing an empty wire cage (chamber 2),
measured in Sham and GA-treated young adult rats. Female rats, irrespec-
tive of treatment, spent more time exploring chamber 2 than male litter-
mates (factor sex /' 73 =4.77, p =0.032; interaction and factor treatment
not significant). Female rats in the GA group had more entries to chamber
2 than Sham controls (interaction F; 73 = 6.67, p = 0.012; Sidak’s multiple
comparisons test: p=0.010). *p<0.05 and **p <0.01, two-way
ANOVA or Sidak’s test. Each bar represents the mean + SEM

guarded behavior in social novelty test, with GA females also
showing an increased activity.

Discussion

In this study, we show that early exposure to GA during crit-
ical stages of brain synaptogenesis [1-3, 7] results in long-
lasting increases in risk-taking tendencies and significant
changes in anxiety-related behaviors when tested in young
adult rats. Furthermore, the GA-treated animals exhibit
novelty-seeking tendencies/less guarded behavior with chang-
es in social discrimination, suggesting that early exposure to
anesthesia could have lasting influences on emotional and
social development.

Interestingly, our report presented herein shares similarities
with the recent reports in humans [4, 9—11], which have sug-
gested that children exposed to anesthesia during early stages
of their development exhibit behavioral and emotional impair-
ments later in life by being prone to anxiogenic behaviors,
inattentiveness, impulsivity, and difficulties engaging in prop-
er social intercourse. For example, a cohort study by Bakri
et al. (2015) compared children who had repeated exposures
to GA before the age of 5 years to non-exposed children of the
same age and concluded that GA-exposed children were at
higher risk to become anxious or depressed and to suffer from

@ Springer
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Fig. 6 Social novelty discrimination of rats exposed to general anesthesia
at P7. a Time spent exploring (upper panel) and number of explorations
(lower panel) of a familiar conspecific (stranger 1), measured in Sham and
GA-treated young adult rats. The number of animals in each group is
indicated at the bottom of each bar. b Time spent exploring (upper panel)
and number of explorations (lower panel) of a novel conspecific (stranger
2). Both male and female rats in the GA group spent more time (factor
treatment F; 73 = 6.43, p = 0.013) and had more exploration episodes than
Sham controls (factor treatment F 73 =4.47, p=0.038; interaction and
factor sex not significant for both parameters measured). ¢ Time spent
exploring (upper panel) and number of entries (lower panel) to the cham-
ber containing a familiar conspecific (chamber 1). Female rats,

attention deficit disorder [17]. This confirms earlier findings
by Sprung and his research group (2012), which suggested a
higher incidence of attention deficit, hyperactivity disorder
diagnoses in children exposed multiple times to GA [11].
Interestingly, in non-human primate studies, it was confirmed
that multiple exposures to GA during infancy result in
scratching, yawning, and excessive grooming behaviors indic-
ative of increased emotional reactivity and heightened fear [§].
Although the complexity of social and emotional behavioral
development in rodents is substantially lower than in monkeys
or humans, it is reassuring that the currently available testing
paradigms we chose to examine herein can capture the impair-
ments in rodents that are similar to the ones described in
higher mammalian species.

Using the open-field test as an unconditioned behavioral
paradigm designed to assess exploration and locomotor activ-
ity, as well as anxiety-related behavior [18, 19], we detected a
substantial sex difference in the locomotor activity and risk-
taking behavior. In particular, we found that female rats, both
in the adolescent and the young adult stages, show higher
locomotor activity when compared to their male counterparts,
which confirm previously reported finidings [20, 21]. For ex-
ample, an older study that focused on detailed analysis of
locomotor activity and circling behavior noted that a signifi-
cant difference in locomotor activity, but not circling, in fe-
males when compared to their age-matched male counterparts
starting from the age of 8 weeks. A very significant gap was
noted after the age of 11 weeks, with sex-specific differences
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irrespective of treatment, had more entries to chamber 1 than male litter-
mates (factor sex 7, 73 = 11.43, p =0.001; interaction and factor treatment
not significant). d Time spent exploring (upper panel) and number of
entries (lower panel) to the chamber containing a novel conspecific
(chamber 2), measured in Sham and GA-treated young adult rats. Both
male and female rats in the GA group spent more time exploring chamber
2 than Sham controls (factor treatment F; 73 =4.76, p = 0.032; interaction
and factor sex not significant for both parameters measured). Female rats
in the GA group had more entries to chamber 2 than Sham controls
(interaction F 73=4.75, p=0.033; Sidak’s multiple comparisons test:
p=0.021). *p<0.05 and **p <0.01, two-way ANOVA or Sidak’s test.
Each bar represents the mean + SEM

not being as profound after the 16 weeks of age [22].
Although our data do not show such a substantial change in
locomotor activity from adolescence to young adulthood, it is
noteworthy that females indeed had a tendency to travel lon-
ger distance than males in both age groups. The precise etiol-
ogy for sex differences remains unclear; however, there is an
old school of thought, suggesting that higher distance traveled
during their reproductive age enables female rats to find a
male mate with higher frequency [23].

We also report that GA-exposed rats display a lower degree
of thigmotaxis (i.e., GA-exposed animals were more prone to
leave the safety of the border wall), which indicates an in-
crease in risk-taking behavior, considering their natural ten-
dency is to view the open areas as threatening and to seek
safety closer to the walls. Although risk-taking behavior has
been described in many instances, in particular during adoles-
cence, its etiology remains unclear. Some recent studies sug-
gest an association between the epigenetic changes noted in
prefrontal cortical neurons and an increase in risk-taking be-
havior in rodents [24, 25]. Of particular interest is the report
suggesting an association between the modulation of histone
methylation status and risk-taking tendencies [24], which cor-
relates with our recently reported findings that show an early
exposure to GA results in substantial histone hypoacetylation
in the promotors of the target genes [26]. Although it is an
interesting possibility that GA-induced epigenetic modifica-
tions we have previously reported may play an important role
in GA-induced increases in risk-taking and less guarded



Mol Neurobiol

behavior presented here, this association will have to be crit-
ically examined in future studies.

We report herein that early exposure to GA promotes the
development of anxiety-like behavior in young adult rats, as
assessed by the elevated plus-maze study. Interestingly, this
change in anxiety seems to be more pronounced in GA-treated
females when compared to their controls (most likely because
control males showed higher levels of baseline anxiety hence
making the GA-induced increase less prominent). It is well
established that adult male rats generally avoid exploring the
open arms of the elevated plus-maze [27], which may be the
reason why this effect was easier to detect in female rats.
Interestingly, a similar lack of effect of early exposure to
isoflurane on anxiety in male mice was previously reported
in the same behavioral paradigm [28]. Somewhat contradic-
ting are the reports suggesting that an inhaled anesthetic,
sevoflurane, when administered to mice at P4-P6 induced
anxiety-like behavior with males being more susceptible than
females in young adulthood [29]. Finally, it is important to
note that the two seemingly opposite characteristics, such are
higher impulsivity and increased anxiety, may coexist in rats
[30], as well as humans [31]. Taken together, these findings
suggest that early exposure to GA may play an important role
in the modulation of the perceived anxiety and fear exhibited
later in life and that the outcomes can be complex and
heterogeneous.

We performed analysis in the elevated plus-maze that in-
cluded a detailed assessment of the entries to the distal parts of
its arms, which proved to be a very useful approach in detect-
ing subtle, but significant increases in anxiety in the GA-
treated animals, with female rats being more sensitive to GA
effects than age-matched male counterparts. This relatively
new type of analysis, which in the classic sense was not a part
of the plus-maze behavior [32], was introduced in the early
2000s [33, 34] and is believed to be a good assessment of
anxiety and fear behavior [35]. Indeed, a detailed analysis of
distal open arm entries enabled us to capture the GA-induced
fear-related behaviors in young adult females that otherwise
would have gone unrecognized.

An elegant study by Satomoto et al. (2009) was the first to
provide an extensive analysis of social behavior in mice ex-
posed to sevoflurane [7], an inhaled anesthetic most common-
ly used in modern anesthesia practice. The authors confirmed
that early exposure to sevoflurane resulted in significant im-
pairments in cognitive development. Importantly, this study
also introduced a concept of sevoflurane-induced abnormal
social behaviors and significant deficits in fear conditioning
later in life. Their findings suggested that GA-treated mice did
not develop social memory and showed “decreased interac-
tions with a social target compared with controls in the social
interaction test.” This is somewhat different from what we
report herein with our tests of social interactions, which sug-
gest more pronounced preference for a novel conspecific and

less guarded approach to novel situations in GA-treated rats
compared to Sham controls. The difference in social interac-
tions between mice and rats notwithstanding, it seems reason-
able to propose that neonatal exposure to GA results in a
significant modification of social and emotional development,
although the specifics of the observed impairments may be
different in nature.

In summary, our study shows that early exposure to GA
leads to lasting modulation of emotional and social behaviors
in young adult rats with sex-specific tendencies toward higher
locomotor activity and risk-taking/less guarded behaviors.
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