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Impact Statement

Compelling preclinical evidence gathered over the
past two decades has shown that neonatal expo-
sure to general anesthetics caused significant acute
neuronal death and long-term behavioral deficits. In
addition, steadily accumulating clinical studies sug-
gest that anesthetics may have deleterious effects
on behavioral and cognitive development in chil-
dren when administered during the first years of life.
In this study, we used a well-established paradigm
of anesthesia-induced neurotoxicity induced by
sevoflurane, then examined the long-term changes
in gene expression and dendrite branching pattern
and complexity of pyramidal neurons in the sub-
iculum. Our data suggest that a single 6-h expo-
sure in PND7 rodents caused persisting changes
in juvenile animals, manifesting via dysregulated
expression of critical plasticity genes, increased
dendritic complexity and dendritic spine density.
These results further demonstrate our understand-
ing of the histomorphological substrate behind the
anesthesia-induced behavioral deficits and provide
insight into the genetic dysregulation behind the
observed morphological changes.

Abstract

General anesthetics are potent neurotoxins when given during early development,
causing apoptotic deletion of substantial number of neurons and persistent
neurocognitive and behavioral deficits in animals and humans. The period of
intense synaptogenesis coincides with the peak of susceptibility to deleterious
effects of anesthetics, a phenomenon particularly pronounced in vulnerable
brain regions such as subiculum. With steadily accumulating evidence confirming
that clinical doses and durations of anesthetics may permanently alter the
physiological trajectory of brain development, we set out to investigate the long-
term consequences on dendritic morphology of subicular pyramidal neurons and
expression on genes regulating the complex neural processes such as neuronal
connectivity, learning, and memory. Using a well-established model of anesthetic
neurotoxicity in rats and mice neonatally exposed to sevoflurane, a volatile
general anesthetic commonly used in pediatric anesthesia, we report that a single
6h of continuous anesthesia administered at postnatal day (PND) 7 resulted in
lasting dysregulation in subicular mRNA levels of cAMP responsive element
modulator (Crem), cAMP responsive element-binding protein 1 (Creb1), and
Protein phosphatase 3 catalytic subunit alpha, a subunit of calcineurin (Ppp3ca)
(calcineurin) when examined during juvenile period at PND28. Given the critical
role of these genes in synaptic development and neuronal plasticity, we deployed
a set of histological measurements to investigate the implications of anesthesia-
induced dysregulation of gene expression on morphology and complexity of
surviving subicular pyramidal neurons. Our results indicate that neonatal exposure
to sevoflurane induced lasting rearrangement of subicular dendrites, resulting in
higher orders of complexity and increased branching with no significant effects on

the soma of pyramidal neurons. Correspondingly, changes in dendritic complexity were paralleled by the increased spine density
on apical dendrites, further highlighting the scope of anesthesia-induced dysregulation of synaptic development. We conclude
that neonatal sevoflurane induced persistent genetic and morphological dysregulation in juvenile rodents, which could indicate
heightened susceptibility toward cognitive and behavioral disorders we are beginning to recognize as sequelae of early-in-life

anesthesia.
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Introduction

Exposure to general anesthesia (GA) during periods of neu-
rodevelopment results in disruptions to synaptic circuitry,
widespread apoptotic neurodegeneration, and neurotoxic-
ity in brain regions critical to cognition and socio-emotional
development.! Several histological studies have found that
substantial cell death occurs in the brains of rodents!? and
nonhuman primates3-® following neonatal anesthetic expo-
sure. Behavioral studies have further demonstrated that
animals exposed to anesthesia in infancy have long-term
impairments in multiple cognitive and affective domains
lasting through adulthood.!”# Of particular concern is the
growing body of clinical literature reporting neurodevelop-
mental abnormalities in children exposed to anesthesia in the
neonatal period.>-12

Vulnerability to anesthesia-induced developmental neu-
roapoptosis coincides with synaptogenesis, a period of exten-
sive synapse formation that establishes the communication
networks supporting the brain’s diverse cognitive reper-
toire.’® Human synaptogenesis peaks in the third trimester
of pregnancy with an estimated 40,000 new synapses formed
every second.!3 In rodents, peak synaptogenesis occurs post-
natally from the end of the first week of life until the early
juvenile period.' Genetic, environmental, or pharmacologi-
cal factors can dysregulate synapse formation within this
critical window.!516 During the early neonatal period, GA
is a potent pharmacological disruptor of synaptogenesis.!”
As millions of immature neurons are being apoptotically
deleted from the developing brain during the aftermath of
anesthesia exposure, billions more surviving neurons are
exposed to a toxic milieu as they actively engage in a physio-
logical process that are fundamental to normal cognitive and
socio-affective functions. Thus, one plausible mechanism
for neurodevelopmental abnormalities observed in rodents,
nonhuman primates, and human children following neona-
tal anesthesia exposure is maladaptive changes in neuronal
morphology, dendritic complexity, and connectivity.

Dendrites and dendritic spines function as the major
input structures of neurons. The dendritic arbor increases
the surface area over which neurons receive synaptic contact,
while dendritic spines are preferential targets of excitatory
synapses. This morphological arrangement allows dendrites
to integrate and filter information from multiple popula-
tions of presynaptic neurons to ultimately regulate neuronal
activity.!® Dendrites and dendritic spines, the sites of excita-
tory synapses, also exhibit a high degree of homeostatic and
activity-dependent synaptic plasticity,'*?? the cellular basis
of learning/memory and socio-affective development.

Previously, we reported pathological alterations to
presynaptic axon terminals making postsynaptic contacts
with subicular pyramidal neurons. These terminals had
substantial reductions in neurotransmitter vesicles, swol-
len and damaged mitochondria, and redistribution of mito-
chondria away from the synapse.???*> Given that dendrites
and dendritic spines are information integrators that exhibit
activity-dependent plasticity,!*2! they are likely to adapt
to degraded presynaptic input from damaged axon termi-
nals by rearranging microstructural features such as length,
arborization, and spine density.?¢?” The morphological

reorganization hypothesis is further supported by reports
that neonatal anesthesia dysregulates genes and protein
structures that are critical for dendritic architecture, main-
tenance, and plasticity.28?° Of relevance to this study is the
increase in the immediate early gene Arc, we recently docu-
mented in the subiculum of juvenile rats anesthetized neona-
tally.30 Overexpression of Arc s likely to modify transcription
factors, neurotransmitter receptors, and signal transduction
pathways that interact with Arc to regulate dendritic and
synaptic stability.

In this study, we focus on the long-term impact of neona-
tal sevoflurane exposure on pyramidal neuron morphology
and gene expression in subiculum, a hippocampal region
known to be highly sensitive to anesthesia-induced devel-
opmental neuroapoptosis.!3! Sevoflurane is a common gen-
eral anesthetic in neonatal and pediatric medicine, as well
as a potent neuroapoptogen in the developing brain.32-34
We exposed PND7 rat pups to a clinically relevant concen-
tration of sevoflurane and collected tissue on PND28. We
began by examining the expression of four genes that inter-
act with Arc to regulate neuronal morphology and function:
cAMP responsive element-binding protein 1 (Crebl1), cAMP
responsive element modulator (Crem), glutamate N-methy-
D-aspartate (NMDA) receptor subunit 2D (Grin2D), and cal-
cineurin (Protein phosphatase 3 catalytic subunit alpha, a
subunit of calcineurin [Ppp3cal). Brains selected for histology
were used for Golgi staining to assess neuronal morphology,
dendrite complexity, and spine density in juvenile rats.

To further our morphological studies, we obtained Thy-1
enhanced green fluorescent protein (EGFP) heterozygous
mice which spontaneously express in specific subsets of neu-
rons. The high resolution and specificity of Thy-1 labeling
allowed us to more accurately image detailed substructures
of pyramidal neurons including branching patterns, basal
dendritic arborization, and spinal density. Postnatal day
(PND) 7 mice were exposed to the same regimen of sevo-
flurane as rat pups and were studied for morphological
changes in subicular pyramidal neurons at PND28. Based
on our previous data, our working hypothesis was that neo-
natal anesthesia would cause long-term dysregulation of
genes critical to dendritic plasticity, which would manifest
via alterations in dendritic complexity and spinal density of
subicular pyramidal neurons.

Materials and methods
Animals

Sprague-Dawley rat pups were purchased from Envigo
(Indianapolis, IN, USA). Litters of Thy1-EGFP mice (C57Bl/6
background) were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). Thyl-negative dams with positive sires
were bred in-house to produce heterozygous offspring. All
procedures were approved by the Institutional Animal Care
and Use Committee at the University of Colorado Anschutz
Medical Campus and the Office of Laboratory Animal
Research Procedures were carried out in accordance with the
Public Health Service Policy on Humane Care and Use of
Laboratory Animals. Animals had ad libitum access to food
and water and were maintained on a 14/10h light/dark cycle.
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Figure 1. Schematic representation of experimental design, imaging region

of interest, and representative photomicrographs. (A) PND7 rat or Thy1-EGFP
mice were exposed to 6h of sevoflurane anesthesia. After the exposure, animals
were returned to their home cages and aged to PND28 before tissue collection.
A subset of rat brains was selected for gene expression analysis of four genes
(Crem, Creb1, Grin2D, and Ppp3ca) critical for neuronal development, learning,
and memory. The remainder of rat and all of Thy1-EGFP mouse brains were
selected and processed for histomorphological analyses. (B) Schematic of
hippocampal formation defining the exact region of interest used for imaging
purposes. (C) Representative 20X photomicrograph of optimized Golgi-Cox
impregnation of subicular pyramidal neuron in rats. Scale bar=100pum. (D)
Representative 40X photomicrograph of subicular pyramidal neuron in Thy1-
EGFP mice, showing a much better resolution of small-diameter basal and
apical dendritic branching. Scale bar=50pm.

Crem, cAMP responsive element modulator; Creb7, cAMP responsive

element binding protein 1; Grin2D, Glutamate lonotropic Receptor NMDA Type
Subunit 2D; Ppp3ca, Protein phosphatase 3 catalytic subunit alpha, a subunit
of calcineurin; S, subiculum; PND, postnatal day; EGFP, enhanced green
fluorescent protein.

Sevoflurane anesthesia

For both mice and rats, litters comprised of male and female
PND7 pups were exposed to either 6-h sevoflurane anes-
thesia (3% for 2h and then 2.4% for 4h) or carrier gas (30%
oxygen) (Figure 1(A)). During experiments, pups were sepa-
rated from their dam, placed in anesthesia chambers, and
maintained at 35.5°C on homeothermic blanket systems
(Harvard Apparatus, Holliston, MA, USA). Sevoflurane,
oxygen, and carbon dioxide concentrations in anesthesia
chambers were continuously monitored in real time (Datex
Ohmeda Capnomac Ultima, Helsinki, Finland). Immediately
upon cessation of the experiment, pups were tattooed for
identification and were returned to home cages only when
all anesthetized animals recovered righting reflex and
responded to tail and toe pinch (approximately 30 min). Pups
were then monitored for an additional 30 min to ensure that
the dam nested and groomed the pups. Pups were weaned
on PND21, aged to PND28, and then euthanized for tissue
collection. In addition, mouse pups from Thyl litters were
also genotyped at PND21 and included in morphological
analysis if positive for Thyl-EGFP.

Physiological parameters recorded during sevoflurane
exposure in PND7 rat pups are summarized in Table 1.
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Table 1. Physiological parameters in rats during 6 h of Sevoflurane
Anesthesia. SpO,, heart rate, and respiration were recorded in PND7 rat
pups at the cessation of the 6-h experiments. As expected, 6-h sevoflurane
anesthesia resulted in decreased heart rate and respiration compared with
control pups. No signs of moderate (SpO, <95%) or severe (SpO, <90%)
hypoxia were observed. Within 30 min of anesthesia cessation, anesthetized
pups fully recovered and responded vigorously to tail and toe pinch.

Physiological parameters Control Sevoflurane
SpO, 99.18+0.08 97.34+0.41
Heart rate (beats per minute) 376.5+14.50 148.9+4.42
Respiration (breaths per minute) 95.08 = 3.58 34.33+3.67

SpO,, heart rate, and respiration were recorded for pups
at the cessation of the 6-h experiment. Sevoflurane animals
did not experience moderate (SpO, <95%) or severe (SpO,
<90%) hypoxemia following 6h of anesthesia. As expected
based on our previous reports,®* pups receiving 6-h sevo-
flurane had decreased heart rate and respiration compared
with control pups that received only carrier gases. Thirty
minutes after cessation of anesthesia, pups anesthetized with
sevoflurane had recovered mobility and responded vigor-
ously to tail and toe pinch.

Tissue collection

PND28 rat and mouse pups were deeply anesthetized with
isoflurane and perfused with phosphate-buffered saline.
Mouse pups were then perfused with 4% paraformaldehyde
(pH 7.4), whereas rat brains were extracted and subjected
to Golgi-Cox procedure (described below). Mouse brains
selected for histology were rapidly extracted and fixed in 4%
paraformaldehyde solution overnight at 4°C. The tissue was
placed in 3% agarose and sectioned in coronal plane at 100 ym
for mice and in transverse plane at 200-pm slices for rats
(Leica VT 1200S vibratome, Leica Biosystems, USA). Slides
corresponding to plates —2.92 to —3.16 mm from bregma in
the mouse brain atlas®” and subiculum corresponding to
plates 111-113 of a rat brain atlas were used for imaging.
Animals selected for molecular analyses were transcardi-
ally perfused with phosphate-buffered saline, decapitated,
rapidly extracted left and right hippocampi were combined,
and tissue was flash frozen in liquid nitrogen and stored at
-80°C for until further use.

Real-time reverse transcription polymerase
chain reaction

Real-time reverse transcription polymerase chain reaction
(RT-PCR) was performed as previously described.® Briefly,
subiculum tissue from 2 to 3 brains of the same sex and treat-
ment was pooled, RNA was isolated from pooled samples
using RNeasy Mini Kit (Qiagen, Hilden, Germany), and
concentrations were determined spectrophotometrically
(NanoDrop One; Thermo Scientific, Waltham, MA, USA).
Reverse transcription was performed on 500ng of RNA
using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA,
USA), and concentrations were determined spectrophoto-
metrically. Primers for Crebl, Crem, Grin2D, Ppp3ca, and
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
were designed and purchased from Bio-Rad (Hercules, CA,
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USA). Real-time RT-PCR reaction mixture consisted of 100ng
c¢DNA, 1X Sso Advanced Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA), gene-specific 1X PrimPCR
assay (Bio-Rad, Hercules, CA, USA), and nuclease-free
water. The following PCR protocol was performed using
CFX Connect Real-Time System (Bio-Rad; Hercules, CA,
USA): 95°C for 2m followed by 40 cycles of 95°C for 5°s and
60°C for 30°s, ending with a melting curve performed 65—
95°C (0.5°C increments) at 5°s per step. PCR was performed
in triplicate for Crem, Crebl, and Ppp3ca and in duplicate
for Grin2d due to limited amount of RNA. Next, reference
target and threshold cycle numbers were averaged. Relative
expression of target gene was quantified by normalizing to
GAPDH expression using the 2-44¢D method. For statistical
analysis, mRNA levels were expressed relative to the male
vehicle group, which was assigned the value of 1.

Golgi staining

Impregnation stock solutions were prepared by dissolving
30g of the following chemicals in 400 mL Milli-Q water (7.5%
w/v): potassium dichromate, mercury chloride (heated to
37°C), and potassium chromate. All Golgi-Cox solution
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). These stock solutions were then combined (first
1:1 potassium dichromate: mercuric chloride, followed by
5:2 mixture: potassium chromate) to produce the Golgi-Cox
solution. After mixing the solution, the bottle was covered
with aluminum foil and left to settle at room temperature for
at least 48 h before use.

Extracted rat brains were washed with Milli-Q water and
placed in 20mL of Golgi-Cox solution. Every 24h, brains
were removed from solution, the container was washed
twice with Milli-Q water, and 20 mL of fresh Golgi-Cox solu-
tion was added. This process was repeated for 10 consecutive
days. After incubation in the Golgi-Cox solution, the brains
were placed in 25% sucrose in phosphate-buffered saline at
room temperature for 24-72h. Next, the brains were air dried
at room temperature in the dark, mounted in 3% agarose,
sectioned in the transverse plane on a D.S.K. Microslicer
DTK-1000 (Tokyo, Japan) at 200-um thickness, and trans-
ferred to glass slides precoated with 1% porcine gelatin
(Sigma-Aldrich, St. Louis, MO, USA). Sections were dried
for a minimum of 24 h before being mounted on the slides.

Light microscopy

Rat slides were imaged on a Nikon Eclipse E800 microscope
(Nikon, Japan) using NIS Elements software (Nikon, Japan)
by trained users blinded to experimental groups. Subicular
pyramidal neurons were readily identified by their triangu-
lar soma, large apical dendritic trunk, and oblique branches
covered with spiny protrusions. The Golgi method has been
used to reliably analyze neuronal morphology, but a caveat
of the method is that only a subset of neurons is impreg-
nated. Therefore, neuronal reconstruction and morphomet-
ric analysis are only approximate as some dendrite branches
and their spines may be hidden behind nearby cells. We
strived to minimize these limitations by only selecting
the neurons that met the following criteria: (1) Relative
isolation from neighboring cells; (2) Dark and consistent

impregnation of soma, apical dendrites, and spines; and (3)
Untruncated apical dendrite arbor visible throughout the
imaging field. From the population of neurons that met our
inclusion criteria, a blinded experimenter randomly selected
images for morphometric analyses. A total of 60 neurons (12
animals, 5 neurons per animal) were included in the analy-
sis, with even distribution with regard to treatment and sex
(15 neurons per treatment per sex). Images were taken at
20X magnification.

Immunofluorescent imaging

Slides containing Thy-1 positive mouse sections were
imaged with an Olympus FV-1200 confocal laser scanning
microscope (Olympus Corporation, Japan). Selection criteria
to observe isolated pyramidal neurons consistently express-
ing EGFP were the same as for light microscopy previously
described above. For Sholl analysis, 1024 X 1024 resolution
images were obtained at 60X magnification with a stack size
of 3040 um and a 0.5-um step size. For spine density analy-
sis, 1024 X 1024 resolution images were taken at 240X with a
stack size of 5-10um and a 0.1-pum step size.

We assessed tissue from a total of 26 Thy-1 EGFP-positive
mouse pups selected from 8 litters. The groups were com-
posed of 12 control pups (n=6 males and n=6 females)
and 14 pups exposed to sevoflurane (n=7 males and n=7
females). We excluded the neurons that did not meet our
selection criteria, resulting in a total of 90 neurons for the
control group (44 males and 46 females) and 100 neurons
for sevoflurane group (50 males and 50 females). The most
common exclusion criteria were as follows: truncated api-
cal dendrite, overlap with neighboring neurons leading to
inability to follow dendritic branches of individual neurons,
and inconsistent expression of EGFP in distal branches.

Morphometric analyses

All measurements were performed in Fiji* and Imaris
(v.9.9.1, Oxford Instruments, Abingdon, United Kingdom)
software by an experimenter blinded to experimental groups.
For analysis of dendritic branching, we used Simple Neurite
Tracer (SNT), an open-source software plugin for FIJI with
built-in Sholl Analysis.*® SNT has demonstrated capability
to accurately reconstruct neuron morphology,*! as well as
the sensitivity to determine morphology changes caused by
experimental manipulations.*>#* The experimenter ran the
Analyze Skeleton plugin to determine number of branches,
number of branch junctions, and average branch length in
micrometer. We then performed Sholl analysis using a sam-
pling radius of 5pm. This radius was chosen based on pre-
liminary linear plot data as the best compromise between
continuous sampling and loss of Sholl plot curvature at radii
of 10um or greater. Linear Sholl plot data were saved and
reconstructed for analysis of dendritic complexity. For Sholl
analysis, we also recorded sum intersections, max intersec-
tions, max intersections radius, enclosing radius, ramifica-
tion index, and Sholl decay. Although all these parameters
measure, in part, dendritic complexity, we used area under
curve (AUC) of line plots as a single, summary measure of
dendritic complexity.*! We plotted number of intersections
per 5pm as a function of radial distance from the soma to



obtain line plots of each experimental condition and calcu-
lated AUC for each condition.

For spinal density analysis, we selected isolated second-
ary apical dendrite branches from pyramidal neurons in the
CAL1 regions and reconstructed the dendritic spines using
Imaris software. A mask was created over the observed
dendritic branches and spines using the surface tool with
twice the thickness of the automated size to ensure com-
plete coverage. The dendritic filaments were manually
traced on the Masked EGFP channel with the filament path
tool, and spines were marked by computer generated seed
points. Thresholding values were set to fit the spine lengths
and diameters as measured in slice mode, and seed points
were removed around all starting points. To reduce inac-
curate clusters of spines, duplicate seed points were manu-
ally deleted, and all spinal diameters were automatically
adjusted. Spinal density was calculated as the total number
of spines per 10-um dendritic segment length.

Statistics

Power analysis and obtained effect sizes were calculated in
G*Power (Heinrich Heine University Diisseldorf, Diisseldorf,
Germany).* Post hoc power analysis suggested animal n=4-
6 per sex per treatment for rat gene expression and n=>5-10
per sex per treatment for mouse morphological analyses. For
rat morphological analyses, power analysis suggested n =8-
12 per sex per treatment; therefore, we decided to combine
males and females into single treatment groups. Data were
analyzed and graphed using GraphPad Prism 9 (Dotmatics,
Boston, Massachusetts). All data are expressed as mean + SD
and graphed as mean = SEM. Treatment groups were com-
pared using unpaired ¢-test or two-way ANOVA with treat-
ment (control versus sevoflurane) and sex (male versus
female) as factors. Multiple comparisons were computed via
Sidak’s post hoc tests. Significant treatment X Sex interactions
were probed further with simple main effects to determine
the primary driver of the interaction. The threshold for sta-
tistical significance was set at a.=0.05.

Results

mRNA expression of synaptic plasticity genes in
rat subiculum

Previously, we reported a significant dysregulation of imme-
diate early genes, such as Arc and JunB, as a consequence of
neonatal exposure to sevoflurane.?’ Due to the direct impli-
cations of Arc in a number of neurocognitive phenomena
such as synaptic plasticity, long-term potentiation, memory
consolidation, and synaptic weakening,*® we first evaluated
the expression of several genes critical to dendritic architec-
ture, maintenance, and plasticity, that are known to inter-
act with Arc: Crebl, cAMP responsive element modulator
(Crem), glutamate NMDA receptor subunit 2D (Grin2D), and
calcineurin (Ppp3ca).*54

We found significant differences in subicular Crern mRNA
levels as a result of treatment (p <0.01), with no noticeable
sex differences (p=0.43) (Figure 2(A), left panel). Further
analysis revealed a significant 63% downregulation of Crem
mRNA following sevoflurane treatment in males (p <0.05,
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Figure 2. Long-term changes in hippocampal gene expression following
neonatal administration of 6-h sevoflurane in rats. (A) Crem and Creb1 are
transcription factors that, in conjunction with Arc, regulate the expression

of genes controlling neuronal morphology and function. Left panel: Crem
hippocampal mRNA levels were significantly decreased following neonatal
sevoflurane in males. Right panel: Creb1 expression in the hippocampus

was significantly downregulation in males neonatally exposed to sevoflurane.
(B) Grin2D and Ppp3ca are regulated by Arc and implicated in learning and
memory. Left panel: no change in gene expression of Grin2D was observed as
a result of neonatal sevoflurane in either sex. Right panel: Neonatal sevoflurane
significantly induced Ppp3ca expression in males compared with untreated
controls. *p <0.05; **p <0.01; ***p <0.01.

Crem, cAMP responsive element modulator; Creb1, cAMP responsive element-
binding protein 1; Grin2D, Glutamate lonotropic Receptor NMDA Type Subunit
2D; Ppp3ca, Protein phosphatase 3 catalytic subunit alpha.

Cohen’s f=0.99). Although we observed a similar, twofold
reduction in Crem mRNA in sevoflurane-treated females
compared with vehicle counterparts, this finding was not
statistically significant (p=0.28).

Furthermore, we found the Creb1 mRNA to be signifi-
cantly dysregulated in response to treatment (p <0.05) with
no contributions of sex (p=0.23). When we probed further
with simple main effects, we observed a significant 54%
downregulation of Crebl in males exposed to sevoflurane
compared with controls (p <0.01, Cohen’s f=1.28), but no dif-
ferences between females (p=0.80) (Figure 2(A), right panel).

Hippocampal expression of Grin2D (Figure 2(B), left
panel), which encodes a subunit of the NMDA receptor, was
seemingly unaffected by either the treatment (p=0.49) or sex
(p=0.51). However, we did observe the effects of sevoflurane
on Ppp3ca expression (p < 0.05), as well as the contribution of
sex (p<0.01) (Figure 2(B), right panel). Using the simple main
effects to probe further, we concluded that the interaction
was primarily driven by the 41% increase in Ppp3ca mRNA
in males exposed to sevoflurane neonatally compared with
unexposed controls (p <0.01, Cohen’s f=2.13). On the con-
trary, no differences were found in females (p=0.79).

Taken together, these data indicate a significant dysregu-
lation in Crem, Crebl, and Ppp3ca gene expression in the
subiculum following neonatal sevoflurane exposure, and
that these findings were substantially more pronounced in
the sevoflurane-exposed male rats.

Morphological evaluation of pyramidal neurons in
rats and mice

Due to the dysregulated expression of genes of critical impor-
tance for dendritic architecture, maintenance, and plasticity,
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Table 2. Histomorphological assessment of soma parameters of subicular pyramidal neurons in rats and mice. Soma area, height, and width were

consistent across treatment and by sex.

Males (M) Females (F) C versus S (males) C versus S (females)
Soma morphology — Rat Mean = SD Mean = SD Significance
Soma area Control (C) 226.90 = 39.55 227.20+98.10 p=0.47 p=0.44
(pm)? Sevoflurane (S) 257.30 + 85.10 258.80 + 64.60
Soma height Control 20.07 =2.64 20.20+4.54 p=0.35 p=0.62
(pm) Sevoflurane (S) 22.07 +5.28 21.53+3.66
Soma width Control 15.13+2.26 13.47 +£2.80 p=0.96 p=0.25
(um) Sevoflurane (S) 15.40+3.33 15.00 +2.51
Soma morphology — Mouse Mean = SD Mean = SD Significance
Soma area Control 149.80 +23.93 156.20 = 27.44 p=0.57 p=0.52
(Hm)? Sevoflurane (S) 154.40 + 20.90 151.30+22.44
Soma height Control 14.87 £2.49 15.84 £2.65 p=0.09 p=0.93
(pm) Sevoflurane (S) 15.86+2.19 15.68+2.10
Soma width Control 12.15+1.19 12.25+1.23 p=0.97 p=0.60
(pm) Sevoflurane (S) 12,10 =1.21 12.02+1.37

SD: standard deviation.

we then set out to determine whether there were accompa-
nying alterations in the morphology of somata and dendritic
arborization patterns of pyramidal neurons.

Golgi-stained and Thy1-positive pyramidal neurons in
rat and mouse subicular sections, respectively, were readily
identified due to their triangular soma and large apical
dendritic arbor densely covered with dendritic spines, the
sites of excitatory synapses on pyramidal neurons. The
exact imaging region and representative images are shown
in Figure 1(B), (C) and (D). Apical dendrites were prominent
and easily identified in either Golgi or Thyl preparations. In
most cases, the initial segment of apical dendrites appeared
devoid of dendritic spines, and extended upward roughly
50 um before giving rise to secondary branches, densely cov-
ered with spinal protrusions.

However, the intricate pattern of basal dendrites” arbo-
rization on rat Golgi preparations was generally not dis-
cernible past the first generation of branches, while the
Thy1l-positive mouse neurons allowed for much greater
resolution of branching patterns. In either preparation, there
were no marked, qualitative differences in neuronal integ-
rity between sevoflurane and control animals, such as cork-
screwed and beaded apical dendrites and pyknotic soma
indicative of ongoing neuroapoptotic cell death.

Quantitative assessment of soma parameters is summa-
rized in Table 2. The soma surface area, height, and width
were consistent across treatment and by sex in both rats and
mice, which is to suggest that the somata of subicular pyram-
idal neurons in juvenile rats were unaffected by neonatal
sevoflurane exposure and did not vary among sexes.

Quantitative assessment of dendritic complexity
in rats

To begin to investigate the structural changes in apical
dendritic arborization, we first performed Skeleton analy-
sis to look for the changes in branching of apical dendrites
in Golgi-stained subicular sections in rats (Figure 3(A)).

We found the number of branches (p <0.05, Cohen’s
d=0.63) (Figure 3(A), left panel) and number of junctions
(p<0.05, Cohen’s d=0.66) (Figure 3(A), middle panel),
but not the average branch length (p=0.19) to be signifi-
cantly increased in response to sevoflurane treatment
(39.17 = 24.23 branches and 19.70 £ 13.09 junctions) com-
pared with anesthesia-naive controls (27.80 * 8.63 branches
and 13.23 + 4.33 junctions). The 2:1 ratio of branches to
junctions was consistent across the treatment groups, sug-
gesting a predominant bifurcation branching pattern. We
concluded that the apical dendritic arbor sustained signifi-
cant changes toward increased ramification as a result of
neonatal sevoflurane exposure.

Next, we employed the Sholl analysis to further analyze
the complexity of apical dendritic arborization of subicular
pyramidal neurons (Figure 3(B)). When we analyzed sum
intersections, the total number of Sholl crossings at all Sholl
radii (Figure 3(B), left panel), we observed a trend toward
higher values in sevoflurane-treated animals (105.0 = 55.62)
compared with controls (88.60 = 22.43), but this did not reach
statistical significance (p=0.10, Cohen’s d=0.39). However,
we did find significantly increased values of max inter-
sections, the maximum number of Sholl crossings at any
Sholl radii (Figure 3(B), right panel) in juvenile rats neona-
tally exposed to sevoflurane (7.70 = 2.68) when compared
with untreated counterparts (6.23 +2.46) (p <0.05, Cohen’s
d=0.57). Additional Sholl parameters such as max intersec-
tions radius, enclosing radius, ramification index, and Sholl
decay are summarized in Table 3.

Finally, we calculated the AUC as a single, overall meas-
ure of dendritic complexity for both experimental groups
(Figure 4). The plotted Sholl curve revealed an obvious
upward deflection following sevoflurane treatment com-
pared with controls (Figure 4(A)). On statistical analysis
(Figure 4(B)), we found that sevoflurane-exposed rats had
significantly increased total AUC (685.30 = 243.24) compared
with anesthesia-naive controls (571.80 =172.86) (p <0.05,
Cohen’s d=0.54).
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Figure 3. Quantitative assessment of apical dendrite complexity in Golgi-Cox impregnated subicular pyramidal neurons in rats. (A) Skeleton analysis of apical
dendritic arborization. Left panel: total number of branches in apical dendritic arborization was significantly increased following neonatal sevoflurane. Middle panel:
Total number of junctions, points from which multiple branches emanate, were similarly increased in apical arbor after sevoflurane compared with untreated controls.
Right panel: However, no differences in average branch length were detected in either treatment groups. (B) Sholl analysis performed on apical dendritic arborization
in 5-um increments of Sholl radii. Left panel: Although a trend toward higher number of sum intersections, total number of Sholl crossings at all Sholl radii, was
detected, statistical analysis revealed no significant difference. Right panel: Neonatal sevoflurane significantly increased Sholl max intersections, the highest number
of Sholl crossings at any Sholl radii, indicating greater apical dendrite complexity in neonatally exposed rats to sevoflurane. *p <0.05.

Table 3. Miscellaneous Sholl parameters of apical dendrite complexity of A
subicular pyramidal neurons in juvenile rats. No effects were observed as a *
result of treatment or between sexes. 6 |
2~ — Control
Rat Sholl analysis Mean = SD Significance 5 E — Sevoflurane
(C versus S) : S 4
L P
Max intersections ~ Control (C) 69.00+38.45 p=0.82 = E
radius Sevoflurane (S) 71.00 =30.01 : = 2
Enclosing radius  Control 163.20 = 36.31 p=0.84 b =
Sevoflurane (S) 165.8 + 59.76 <>
Ramification Control 590+274  p=0.16 0 T T
index Sevoflurane (S) 6.99+3.17 0 100 200
Sholl decay Control 0.90+0.95 p=0.85 Distance from Soma (um)
Sevoflurane (S) 0.86+0.92 B
SD: standard deviation. 800

In summary, these data demonstrate significant long-term
effects of neonatal sevoflurane exposure on reorganization of
apical dendrites and indicate a shift toward higher levels of
complexity when compared with age-matched, anesthesia-
naive controls.

Quantitative assessment of dendritic complexity

in mice

Due to the technical difficulties in performing the Golgi-Cox
staining procedure on rat brains, leading to low number of
biological replicates, we were underpowered to detect the
potential sex differences. Recognizing the importance of sex
as a biological factor, together with the need of better tools

T .

Area under curve
(arbitrary units)
IS
S
1

1
Control  Sevoflurane
Figure 4. Quantitative analysis of overall apical dendritic complexity in Golgi-Cox
impregnated subicular pyramidal neurons in rats. (A) Linear Sholl plots of number
of intersections at Sholl radii in 5-pm increments from soma in sevoflurane-
treated and anesthesia-naive rats. Neonatal sevoflurane caused a significant
upward deflection of the corresponding Sholl curve, indicating increased apical
dendritic complexity. (B) AUC analysis revealed significant increase in apical
dendritic complexity in rats neonatally treated with sevoflurane. *p <0.05.
AUC, area under curve.
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Figure 5. Skeleton analysis of arborization pattern of Thy1-EGFP expressing subicular pyramidal neurons in mice. Both apical and basal dendritic arbors were
analyzed simultaneously to screen for gross alterations in branching pattern. Left panel: The overall increase in number of branches was substantially increased
following neonatal sevoflurane in either sex, with more significant increase in sevoflurane-treated females. Middle panel: The number of junctions, points along
dendrites with multiple emanating branches, exhibited similar pattern of increase following neonatal sevoflurane in both sexes, suggesting increase in overall
branching of subicular pyramidal neurons. Right panel: No difference in average branch length was noted in any treatment groups in both sexes. *p <0.05; **p <0.01;

****p < 0.0001.
EGFP, enhanced green fluorescent protein.

to evaluate the basal dendritic arborization patterns, we next
turned our attention toward Thyl-EGFP-positive mice as a
means to answer these important questions.

We began our quantitative analysis of dendritic arboriza-
tion in Thy1-EGFP mice by performing the skeleton analysis
to probe for gross differences between treatment groups and
sexes. We recorded the number of branches, number of junc-
tions, and average branch length of multiple generations
of dendrites, encompassing both the apical and the basal
dendritic arbors (Figure 5). There was a strong main effect
of treatment between groups (p <0.001), but no differences
were noted between sexes (p=0.91). On further comparisons,
it was revealed that sevoflurane-exposed males had signifi-
cantly increased number of dendritic branches (82.16 = 21.39
branches and 39.08 = 10.48 junctions) compared with anes-
thesia-naive males (69.07 = 19.81 branches and 32.77 +9.96
junctions) (p <0.01, Cohen’s f=0.32 for branches and
p<0.05, Cohen’s f=0.31 for junctions) (Figure 5, left and
middle panels). Surprisingly, these differences were found
to be even more significant in females, with higher num-
bers of both measured parameters following neonatal sevo-
flurane (86.24 += 18.82 branches and 41.14 = 9.65 junctions)
compared with vehicle counterparts (64.35 * 19.40 branches
and 30.70 = 9.98 junctions) (p <0.0001 for both, Cohen’s
f=0.57 for branches and 0.53 for junctions) (Figure 5, left
and middle panels). Finally, we observed no differences in
average branch length in males (p=0.58; 29.16 + 4.10 versus
30.04 =4.77 for sevoflurane and controls, respectively) or in
females (p=0.31; 26.99 * 4.46 versus 28.30 = 5.21 for sevoflu-
rane and controls, respectively) (Figure 5, right panel).

To further dissect the source of the observed differences
in branching, we performed the Sholl analysis separately
on basal and apical dendritic arbors in Thyl-positive mice
(Figure 6). For the apical dendrites, we observed major differ-
ences between groups in response to treatment (p <0.001) as
the primary driving factor of significance. Sum intersections,
the total number of crossings at Sholl radii, for apical den-
dritic branches was higher in treated males (139.40 + 49.88)
compared with untreated controls (110.20 = 40.89) (p <0.01,
Cohen’s f=0.32) (Figure 6(A), left panel). Same was true for
females, with significantly increased total number of cross-
ings after sevoflurane (121.80 *46.85) compared with con-
trols (95.85 +42.72) (p <0.05, Cohen’s f=0.29) (Figure 6(A),
left panel). In addition, the maximum number of crossings at
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Figure 6. Quantitative assessment of dendritic complexity of Thy1-EGFP
expressing mouse subicular by Sholl analysis. Dendrites of subicular pyramidal
neurons were separated into apical and basal arbors with regard to their origin.
(A) Sholl analysis of apical dendritic arborization revealed significantly higher
level of complexity following neonatal sevoflurane treatment in both males and
females, as evidenced by the measurement of sum intersections, total number of
crossings at all Sholl radii (Left panel), and max intersections, highest number of
Sholl crossings ay any radii (Right panel). The observed increase in complexity
impacted sevoflurane-treated males more significantly than female counterparts.
(B) On the contrary, increased complexity in basal dendritic arborization was
detected only in sevoflurane-treated female mice, with significant increases in
both sum intersections (Left panel) and max intersections (Right panel). No
changes were observed as a result of treatment in males in either parameter.

*p <0.05; **p <0.01; ***p <0.001.

EGFP, enhanced green fluorescent protein.

any Sholl radii was also found to be higher following sevo-
flurane treatment, with both males (10.86 = 3.47) and females
(9.86 = 3.71) displaying higher number of maximum inter-
sections compared with anesthesia-naive male (8.80 = 3.12)
and female (7.60 * 3.42) controls (p<0.01 for both, Cohen'’s
f=0.31 and 0.32 for males and females, respectively) (Figure
6(A), right panel). Therefore, we concluded that apical den-
drites undergo similar changes in both sexes following neo-
natal sevoflurane exposure.

We then took the same approach to analyzing the basal
dendritic arborization (Figure 6(B)). Although treatment was
the primary driving factor of significance for both the sum
intersections and max intersections parameters (p <0.01 for
both), surprisingly this was true only in females. Sevoflurane-
treated female mice had significantly higher values for
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Table 4. Miscellaneous parameters of Sholl analysis performed separately on apical and dendritic arborization of subicular pyramidal neurons in juvenile
mice. Neonatal sevoflurane induced significant increase in enclosing radius in males, indicating a wider apical dendritic arbor. Furthermore, ramification
index in both males and females compared with controls, signifying higher ratio between maximum intersections and primary branches. No difference was

noted in other parameters.

Males (M) Females (F) C versus S (males) C versus S (females)

Apical dendrite Sholl — mouse Mean = SD Mean = SD Significance

Max intersections radius Control (C) 78.06 = 18.56 80.19+25.76 p=0.96 p=0.29
Sevoflurane (S) 79.15+19.97 86.57 +23.01

Enclosing radius Control 27.23+4.07 28.17 £ 3.92 *p=0.04 p=0.72
Sevoflurane (S) 29.06 = 3.47 28.74 +=3.92

Ramification index Control 8.70+3.20 7.63 +3.41 **n <0.01 **n <0.01
Sevoflurane (S) 10.98 =3.40 9.86 = 3.71

Sholl decay Control 0.93+0.04 0.93+0.04 p=0.06 p=0.19
Sevoflurane (S) 0.91+0.04 0.92+0.04

Basal dendrite Sholl — mouse Mean = SD Mean = SD Significance

Max intersections radius Control 47.99+16.19 41.86 = 15.53 p=0.88 p=0.39
Sevoflurane (S) 46.50 + 16.05 45,90 +16.03

Enclosing radius Control 23.86 +=3.11 22.61+3.13 p=0.91 p=0.65
Sevoflurane (S) 23.62 +2.87 23.12+2.94

Ramification index Control 4.46+2.41 3.82+1.28 p=0.94 p=0.10
Sevoflurane (S) 4.34+1.37 452+1.83

Sholl decay Control 0.97 +0.02 0.97 =0.01 p=0.78 p=0.95
Sevoflurane (S) 0.97+0.01 0.97 =0.01

SD: standard deviation.

sum intersections (210.50 = 68.39) and max intersections
(17.10 £ 4.85) when compared with controls (165.20 = 58.33
and 13.57 = 3.95 for sum and max intersections, respectively)
(p<0.001 for both, Cohen’s f=0.36 and 0.40 for sum and
max intersections, respectively) (Figure 6(B)). When males
were compared with regard to sevoflurane treatment, we
found their values of sum intersections (192.2 = 52.42 ver-
sus 188.40 = 59.02 for sevoflurane and controls, respectively)
and max intersections (15.00 = 4.07 versus 14.41 +4.28 for
sevoflurane and controls, respectively) to be almost identical
for both values (p=0.94 and p=0.76, respectively), indicat-
ing that rearrangement of basal dendritic arborization in
response to neonatally administered sevoflurane was unique
to the female sex (Figure 6(B)). Additional Sholl parameters
such as max intersections radius, enclosing radius, ramifica-
tion index, and Sholl decay are summarized in Table 4 for
apical and basal dendrites separately.

To conclude our dendritic complexity analysis, we plotted
the AUC for apical and basal Sholl crossings for both sexes
separately. Such plots are visual representations of dendritic
complexity that allow rapid evaluation and identification of
experimental manipulations at a glance.>’ Peak amplitude of
the Sholl plot is the measure of maximal dendritic complex-
ity at a given distance from the soma. Shifts in the Sholl plot
either leftward or rightward indicate changes to the overall
complexity and branching of the dendritic arbor.5!

When we plotted the total AUC for both the basal and
apical dendrites combined (Figure 7(A)), we observed sig-
nificant differences resulting from sevoflurane treatment
(p <0.01). Post hoc multiple comparisons revealed no differ-
ences in AUC values when sevoflurane males (1806 = 555.86)
were compared with male controls (1705 = 524.49) (p=0.62)

(Figure 7(B), left panel). Although the Sholl curve indicated
trend toward upward deflection in sevoflurane-treated
males, most of this was concentrated in the apical rather than
the basal dendritic region (Figure 7(A), left panel). On the
contrary, we did find statistically significant differences in
response to sevoflurane treatment in females (1791 * 622.18)
when compared with control counterparts (1425 = 503.45)
(p<<0.01, Cohen’s f=0.32) (Figure 7(B), left panel), which was
clearly observable on the Sholl plot as an upward deflection
of the curve representing sevoflurane-treated females, with
balanced distribution in basal and apical dendritic regions
(Figure 7(A), right panel).

To determine the relative contributions of basal versus
apical dendritic arbor toward the upward deflection of the
Sholl curve, we analyzed the area under these two regions
separately. For basal dendrites, comparing the AUC values
between sevoflurane-exposed (1059 + 408) and unexposed
males (1018 = 427) revealed no differences (p=0.88); how-
ever, females showed significantly higher AUC values in
basal regions after sevoflurane (1084 =501) compared with
controls (869 +399) (p <0.05, Cohen’s f=0.24) (Figure 7(B),
middle panel). When apical dendrites were analyzed in
isolation, although there was a strong trend in both male
(787 =377 versus 645 *= 304 for sevoflurane and control
groups, respectively) and female mice (708 = 369 versus
556 = 306 for sevoflurane and control groups, respectively),
we did not find statistically significant differences in nei-
ther male (p=0.09, Cohen’s f=0.21) nor female mice (p=0.06,
Cohen’s f=0.22) (Figure 7(B), right panel).

Taken as a whole, our quantitative assessment of den-
dritic arborization revealed significant increase in dendritic
complexity in juvenile mice following neonatal sevoflurane
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Figure 7. Summary measurement of differences in branching complexity of apical and basal dendritic arbors with regard to sex in Thy1-EGFP expressing mouse
pyramidal neurons. (A) Visual inspection of Linear Sholl Plots, plotted as a function of distance from soma, suggested upward deflection following neonatal
sevoflurane treatment. However, quantitative analysis revealed no significant differences in males (Left panel). In contrast, sevoflurane-treated females (Right panel)
exhibited significant upregulation of overall Sholl plot, primarily in the basal dendritic arbor. Basal dendritic arborization was arbitrarily assigned negative values on the
x-axis to differentiate it from the apical arbor. (B) Quantitative analysis of AUC revealed significantly higher values only in females following neonatal sevoflurane (Left
panel). When basal arbor was analyzed in isolation, neonatally exposed females had significantly increased AUC values, whereas no differences were noted in males
(Middle panel). Although the trend toward higher values was observed following sevoflurane in both males and females, no statistical significance was reached in the

apical dendritic arbor (Right panel). *p <0.05; **p <0.01.
EGFP, enhanced green fluorescent protein.

exposure. This manifested as increases in the number of den-
dritic branches and junctions, increased total and maximum
number of Sholl crossings, as well as upward deflections on
Sholl plots, especially in females.

Quantitative assessment of dendritic
spine density

Finally, we sought to determine whether the effects of neona-
tal exposure to anesthesia would also manifest as alterations
in the density of the dendritic spines, the sites of excitatory
synapses on pyramidal neurons. We decided to focus on
the apical dendrites because (1) there were no indications
of morphological changes in basal dendrites of sevoflurane-
exposed males (see Figure 7), (2) apical dendrites are far
more prominent in pyramidal neurons, allowing for easier
and more accurate visualization and reconstruction, and (3)
due to the presence of single apical dendrite on pyramidal
neurons, it allowed for greater consistency in the selection
criteria of the branches compared with basal arbor.

First, we performed semiautomated three-dimensional
(3D) reconstruction of dendritic spines localized on the sec-
ondary apical dendrites, spanning the course of 20-90 um
long sampling segments (Figure 8(A)). The total number of
dendritic spines per reconstructed segments were obtained
and expressed per 10-um branch length. Statistical analysis

revealed a highly significant main effect of treatment in both
males (p<0.001) and females (p <0.001) with no sexual
dimorphism in either the control groups (p=0.37) or the sevo-
flurane groups (p=0.94) (Figure 8(B)). Multiple comparisons
revealed that sevoflurane-exposed males (25.73 +4.78) had
an 18% increase in the number of spines per 10 pm compared
with unexposed controls (21.87 +3.35) (p <0.0001, Cohen’s
f=0.47). Likewise, we found females to also be affected, with
sevoflurane-exposed females (25.47 = 4.23) exhibiting a 23%
increase in the number of spines per 10-um length when
compared with controls (20.75 +4.49) (p <0.0001, Cohen’s
f=0.54) (Figure 8(B)).

We, therefore, concluded that, in addition to causing
alterations in dendritic complexity on the level of branching,
neonatal sevoflurane induced substantial long-term increase
in spine density on apical dendrites of subicular pyramidal
neurons in a non-sex-specific manner.

Discussion

In this study, we examined the long-term impact of neo-
natal sevoflurane exposure on the expression of plastic-
ity genes in subiculum, alongside the persisting effects on
neuron morphology, dendritic structure, and complexity, as
well as accompanying changes in spinal density on apical
branches of subicular pyramidal neurons. By using a dose
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Figure 8. Spine density analysis of Thy1-EGFP-positive apical dendritic
segments of subicular pyramidal regions in mice. (A) Representative
photomicrographs of second generation dendritic branches covered with spines.
Corresponding raw (Left panel) and the 3D-reconstructed (Right panel) images
of dendritic spines are shown at 240X magpnification. (B) Analysis of dendritic
spine density, expressed as the number of spines per 10-um long branch
segments, revealed highly significant 18% and 23% increase in spine density in
sevoflurane-exposed males and females, respectively. ****p < 0.0001.

EGFP, enhanced green fluorescent protein.

and duration of sevoflurane which was shown to reliably
and reproducibly cause apoptotic deletion of a substantial
number of neurons when given at PND7,333* we found that
an early, single exposure to this clinically relevant anesthe-
sia regimen® caused long-lasting remodeling of subicular
dendritic arborization toward a more complex, hypertrophic
morphology in juveniles while substantially increasing the
number of dendritic spines. These alterations were accom-
panied by dysregulation of Crem, Creb1, and Ppp3ca genes
that interact with Arc to influence dendritic morphology and
neuronal function.#>474% For yet unclear reasons, gene dys-
regulation was sexually dimorphic, with a 60% decrease in
Creb1 mRNA and a 40% increase in Ppp3ca mRNA observed
only in juvenile males exposed to sevoflurane in the neo-
natal period. Our observations add to the growing body of
literature reporting that infant anesthesia has the ability to
interfere with genetic regulation of neurons, as well as incur
sex-specific neuropathological changes within the develop-
ing brain. These changes could be responsible, in part, for
long-term impairments of neuronal development, synaptic
communication, and cognitive function that we have previ-
ously reported.!?352

Traditionally, the subiculum has been viewed as the out-
put of the hippocampus, funneling spatial information to
cortical and subcortical regions for further processing and
encoding.® However, recent evidence challenges the relay
station hypothesis. Rather, the subiculum is a sophisti-
cated computational unit that has a critical role in memory
retrieval separate from hippocampus-dependent memory
formation.>*%> In addition, subiculum is exquisitely sensitive
to neurotoxic action of early-in-life anesthesia, and acute
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apoptotic loss of subicular neurons following neonatal anes-
thesia exposure is well-documented,??! as is the impact of
anesthesia on the computational fidelity of the developing
subiculum.?#%57 Microstructural rearrangements of den-
dritic morphology toward a hypertrophic phenotype, cou-
pled with disturbances in gene expression, likely further
alter subicular information processing capabilities. Dendrites
and spines of subicular pyramidal neurons are responsible
for the integration of glutamatergic excitatory signals in the
subiculum. The maturation of these dendritic trees occurs
mostly during early developmental stages through a pattern
of slow growth of the dendrite succeeded by rapid exten-
sion and finally stabilization. Whereas the dendrites pos-
sess high remodeling capacity during early development,
dendritic arbors in mature brains demonstrate significantly
reduced plasticity but nonetheless remain essential for ade-
quate nervous system performance.>® Therefore, the proper
wiring of neuronal circuitry during early development is of
critical importance to a variety of cognitive and emotional
processes. Given the central role of subiculum in a variety of
neurocognitive processes, disturbances of connectivity dur-
ing this crucial timeframe by general anesthetics and inabil-
ity of mature neurons to achieve proper compensation may
explain, at least in part, the diversity of functional outcomes
observed later in life.

Dendritic hypertrophy may be driven by dysregulation of
several genes working in concert. For example, many neu-
ronal genes are subject to activity-dependent transcription,
and anesthetics are powerful suppressors of neuronal activ-
ity. Therefore, anesthesia exposure is expected to influence
gene expression at least acutely over the duration of anes-
thetic action.?*® But if the brain is exposed to anesthetics
during sensitive periods of neurodevelopment — particularly
synaptogenesis — the effects of anesthetics on neuronal gene
expression appear to be chronic.?$6! Dysregulation caused
by neonatal anesthesia exposure encompasses an array of
genes that themselves regulate the transcriptional activity
of other genes (Crem, Crebl, CREBBP),” that serve as activ-
ity-dependent immediate early genes (Arc, junB, c-Fos),?*3
and that control neuronal survival and morphology (Brain-
derived neurotrophic factor [BDNF], synaptophysin, dre-
brin, [24, 53]).2862 Because the dendritic membrane is not a
homogeneous structure along its length, aberrant production
of proteins that are normally spatially targeted to dendritic
compartments may lead to membrane instability, which in
turn may lead to atrophy of certain generations of dendritic
branches. In the intermediate and distal segments, loss of
presynaptic excitatory information from afferent neurons
killed by apoptosis and decreases in Crem may inhibit the
activity of signaling pathways that maintain dendritic mor-
phology. This reduction in appropriate synaptic input and
gene expression may cause a compensatory morphological
response that manifests as dendritic hypertrophy.

A parallel lever of neuronal dysfunction exists within the
epigenome. Histone acetylation promotes gene expression
by relaxing DNA chromatin, but anesthesia during the neo-
natal period substantially reduces the histone acetyltrans-
ferase activity of CREB-binding protein.?” Furthermore, we
recently reported that rats exposed to the same regimen of
neonatal sevoflurane anesthesia as employed in this study
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had substantial increases in Arc likely caused by widespread
demethylation within the juvenile subiculum.® At the time,
we postulated that Arc dysregulation could disrupt morpho-
logic stability because Arc is directly involved in synaptic
weakening via endocytosis of glutamate a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors from
active synapses.®*** An important and concerning observa-
tion in our previous study was that genetic dysregulation of
immediate early genes was heritable.?® Male offspring that
were never exposed to anesthesia but were born to females
anesthetized as neonates had substantial increases in Arc
and junB mRNA compared with males born to unexposed
females. Whether epigenetic alterations contribute to den-
dritic hypertrophy observed in this study and are, therefore,
also transgenerational remains to be determined.

Dysfunctions of both dendritic and spinal systems have
been correlated with neurodevelopmental disorders such
as schizophrenia and autism spectrum disorder (ASD) with
alterations in dendritic morphology prominently occurring
in the prefrontal cortex and hippocampus.®> ASD is char-
acterized by impairments in social interactions and persis-
tent repetitive behaviors, and has been linked to a variety
of environmental risk factors including exposure to infec-
tions, drugs, and toxins.®® Although somewhat controversial,
whether the use of early life anesthetics conveys increased
risk of developing ASD remains an open question. A recent
study found the correlation between the use of general anes-
thetics during cesarean section and ASD.®” Furthermore, the
risk was significantly higher in female children compared
with males, especially for the severe form of ASD; however,
a recent retrospective study failed to confirm the associa-
tion between GA prior to age of 3 and ASD later in life after
adjusting for birth weight and health status.®® On the other
side, the clinical evidence linking the early life GA and atten-
tion-deficit hyperactivity disorder (ADHD), a neuropsy-
chological disorder impacting working memory, executive
functioning, and impulsivity, has been steadily growing over
the past decade. Multiple large-scale studies have found the
significant risk to be conferred by the GA in the first years of
life, after either single® or multiple anesthesia exposures.”0-72
With the prevalence of ADHD nearly doubled over the past
two decades,” accurate and prompt identification of modifi-
able risk factors is more urgent than even before.

The apical and basal dendritic arborization of pyramidal
neurons are separate systems with important differences in
morphology, connectivity, and electrical properties, which
strongly suggest different functionality.'87* Both apical and
basal dendrites are densely covered with spines, sites of glu-
tamatergic synapses of various morphology. Although both
systems connect to a singular soma, there are important dif-
ferences as to how the projections to these systems are inte-
grated, both within the regional hippocampal circuitry and
the inputs from thalamus and entorhinal cortex.!8”> Whereas
the basal dendrites participate primarily in intrahippocam-
pal neuronal circuitry, mainly from CA3 pyramidal neurons,
the majority of projections to apical dendritic arbor arrive
from the thalamus and entorhinal cortex.!® As the proap-
optotic effects of volatile anesthetics on entorhinal cortex
were previously reported in macaque neonates,* we specu-
late that the loss of excitatory input onto subicular apical

dendrites from the entorhinal cortex via perforant path”
could be responsible for the compensatory upregulation of
dendritic complexity and spine density we observed in this
study. Previous studies demonstrating sevoflurane-induced
memory impairment at juvenile age suggest this compensa-
tory mechanism is maladaptive, or not able to sufficiently
compensate for the loss of neurons that occurs during the
acute period following neonatal anesthetic exposure.

In previous studies, apical dendrites in postmortem
obtained cortical pyramidal neurons of subjects exhibit-
ing symptoms of ASD expressed a higher density of den-
dritic spines”” and abnormal dendritic branching.® ADHD
symptomology is also correlated with disruptions to glu-
tamate signaling through alterations in dendritic arboriza-
tion and spinal density.”® On the contrary, a previous study
reported that the knockout of a7-subunit of nicotinic cho-
linergic receptors, which induces ADHD-like phenotype in
experimental models,” predominantly targets basal den-
drites, causing profound alterations in spine morphology,
while inducing a significant increase in spine density of api-
cal hippocampal CA1 pyramidal neurons in mice, which
could act as histological markers of attention deficit-type
disorders.® We postulate that the resulting changes observed
from sevoflurane exposure in our current study could be a
morphological marker for potential ADHD or autism-like
symptoms. With roles in memory formation, cognition, and
possibly emotional modulation,® the subiculum acts as an
important regulator for behavior accounting for the result-
ing long-term deficits following GA exposure. Impairments
to synaptic transmission in this area are likely to result in a
notable decline in neurocognitive abilities.

Whether male sex is a risk factor in humans anesthetized
as infants is an open question. In general, male infants are
overrepresented in the anesthesia cohort of clinical stud-
ies, often at a ratio four times greater than that of female
infants 3182 making it difficult to reliably identify any sex
differences in cognition and behavior associated with neo-
natal anesthesia. Although the epidemiological studies
have consistently reported higher prevalence of ADHD in
males,3384 the gap seems to be steadily decreasing.” Despite
the seemingly greater morphological alterations in dendritic
complexity we observed in anesthesia-exposed females,
particularly in the basal dendrites, it was only in males we
detected changes in gene expression. Although it is tempting
to speculate that this sexual dimorphism might represent
a ceiling effect in males blocking sufficient compensatory
dendritic branching, it is difficult to establish the causal rela-
tionship between gene expression and phenotype. Rather,
it might also signify the failure of female rodents to trigger
the necessary reparative genetic machinery necessary to off-
set the damage induced by anesthetics, therefore exposing
the females to a potentially greater risk toward developing
ADHD-like behavioral deficits as an outcome.

In summary, anesthesia-induced damage to the develop-
ing subiculum has morphologic and genetic hallmarks that
may, in part, account for cognitive and socio-affective distur-
bances linked to neonatal anesthesia exposure. These seque-
lae parallel the cognitive and behavioral impairments in
other disease states with similar morphological and genetic
dysregulation. We believe that further studies aiming to put
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these molecular and histomorphological changes into the
context of developmental diseases are warranted and neces-
sary. Finally, it is important that future preclinical and clinical
investigations continue to incorporate sex as an important
biological variable in such studies, with special considera-
tion of the intricate interplay between gene expression and
phenotypical changes.
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