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Abstract

Background—Clinically used general anesthetics, alone or in combination, are damaging to the
developing mammalian brain. In addition to causing widespread apoptotic neurodegeneration in
vulnerable brain regions, exposure to general anesthesia at the peak of synaptogenesis causes
learning and memory deficiencies later in life. Our in-vivo rodent studies have suggested that
activation of the intrinsic (mitochondria-dependent) apoptotic pathway is the earliest warning sign
of neuronal damage, suggesting that a disturbance in mitochondrial integrity and function could be
the earliest triggering events.

Methods—Since proper and timely mitochondrial morphogenesis is critical for brain
development, we examined the long-term effects of a commonly used anesthesia combination
(isoflurane, nitrous oxide, and midazolam) on the regional distribution, ultrastructural properties,
and electron transport chain function of mitochondria, as well as synaptic neurotransmission, in
the subiculum of rat pups.

Results—This anesthesia, administered at the peak of synaptogenesis, causes protracted injury to
mitochondria, including significant enlargement of mitochondria (over 30%, p < 0.05),
impairment of their structural integrity, about 28% increase in their complex 1V activity (p < 0.05)
and two-fold decrease in their regional distribution in presynaptic neuronal profiles (p < 0.05)
where their presence is crucially important for the normal development and functioning of
synapses. Consequently, we showed that impaired mitochondrial morphogenesis is accompanied
by heightened autophagic activity, decrease in mitochondrial density (about 27%, p < 0.05) and
long-lasting disturbances in inhibitory synaptic neurotransmission. The interrelation of these
phenomena remains to be established.

Conclusion—Developing mitochondria are exquisitely vulnerable to general anesthesia and may
be important early target of anesthesia-induced developmental neurodegeneration.

Corresponding Author: Vesna Jevtovic-Todorovic, Department of Anesthesiology, University of Virginia Health System, PO Box
800710, Charlottesville, VA 22908, Phone 434-924-2283; Fax 434-982-0019, vj3w@virginia.edu.
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Introduction

Over the last decade, a myriad of studies have presented evidence that various mammalian
species are susceptible to significant neurotoxicity when exposed to general anesthesia
during early stages of their brain development. Anesthesia-induced neurotoxicity is
described as apoptotic and its severity is age-dependent; i.e., the peak of susceptibility
coincides with the peak of synaptogenesis.

Since it has been suggested that general anesthetics used in clinical practice are not as
innocuous as they were previously thought to be,2 recent research has been focused on
deciphering the earliest cellular targets and mechanistic pathways of anesthesia-induced
developmental neurotoxicity so that a method of effective and timely prevention can be
devised. This is essential because the use of general anesthetics often cannot be avoided
when a child’s life is in danger.

Based on presently available evidence, it appears that very early events in anesthesia-
induced apoptotic neurodegeneration involve the activation of a mitochondria-dependent
apoptotic cascade, 3 which leads to effector caspase activation and DNA fragmentation.
Thus, mitochondria may be the initial and most vulnerable target of anesthesia-induced
impairment of neuronal development. Since mitochondria are crucially important organelles
for the formation, maintenance, and function of developing synapses, which can be
permanently impaired by a single exposure to anesthesia,*:> we did a series of experiments
on the effects of general anesthesia on morphogenesis and regional distribution of
mitochondria in the developing subiculum.

We found that early exposure to general anesthesia significantly modulates mitochondrial
morphogenesis and the function of mitochondria electron transport chain enzyme activity.
Regional distribution of mitochondria in presynaptic neuronal profiles is also significantly
reduced, where their presence is crucially important for the normal development and
function of synapses. We also found that impaired mitochondrial morphogenesis is
accompanied by heightened autophagic activity, protracted neuropil destruction, and long-
lasting disturbances in inhibitory synaptic neurotransmission.

Materials and Methods

Animals

We used Sprague-Dawley rat pups (Harlan Laboratories, Indianapolis, IN) at postnatal day
(P) 7 for all experiments, since this is when they are most vulnerable to anesthesia-induced
neuronal damagel. Experimental rat pups were exposed to 6 h of anesthesia; controls were
exposed to 6 h of mock anesthesia (vehicle). After the administration of anesthesia, rats
were allowed to recover and were reunited with their mothers. Each day, we weighed them
and noted their general appearance. On P21, these rats were randomly divided into three
groups, one for ultrastructural analysis of the subiculum, one for measuring electron
transport chain enzyme activity, and the other for functional studies of synaptic activity
(patch-clamp recordings of excitatory and inhibitory synaptic neurotransmission). Rats were
used at P21 for ultrastructural and enzyme activity examination and at P21-P28 for
electrophysiological studies, since synaptic maturation is generally completed at this age.

All experiments were approved by the Animal Use and Care Committee of the University of
Virginia Health System, Charlottesville, Virginia, and were done in accordance with the
Public Health Service’s Policy on Human Care and Use of Laboratory Animals. Efforts
were made to minimize the number of animals used.
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Nitrous oxide and oxygen were delivered using a calibrated flowmeter. To administer a
specific concentration of nitrous oxide/oxygen and isoflurane in a highly controlled
environment, an anesthesia chamber was used.13:8 |soflurane was administered using an
agent-specific vaporizer that delivers a set percentage of anesthetic into the anesthesia
chamber. Midazolam (Sigma-Aldrich Chemical, St. Louis, MO) was dissolved in 0.1 %
dimethyl sulfoxide just before administration. For control animals, 0.1 % dimethyl sulfoxide
was used alone. To administer a specific concentration of nitrous oxide/oxygen and
isoflurane in a highly controlled environment, an anesthesia chamber was used 136 Rats
were kept normothermic throughout the experiment, as previously described.’ For control
experiments, air was substituted for the gas mixture. After initial equilibration of the nitrous
oxide/oxygen/isoflurane or air atmosphere inside the chamber, the composition of the
chamber gas was analyzed by infrared analyzer (Datex Ohmeda, Madison, WI) to establish
the concentrations of nitrous oxide or nitrogen, isoflurane, carbon dioxide, and oxygen. We
used our standard general anesthesia protocol, giving P7 rat pups a single injection of
midazolam (9 mg/kg, intraperitoneally) followed by 6 h of nitrous oxide (75%), isoflurane
(0.75%), and oxygen (approximately 24%). Several studies have shown that this protocol
causes severe neurodegenerative damage to developing neuronsl3:56,

Histopathological studies

On P21, each pup was deeply anesthetized with phenobarbital (65 mg/kg, intraperitoneally)
(University of Virginia Pharmacy, Charlottesville, Virginia). After cannulating the left
ventricle, we clamped the descending aorta and did an initial flush with Tyrodes solution
(30-40 ml) (Sigma-Aldrich Chemical). For morphometric analyses of the neuropil, this was
followed by 10 min of continuous perfusion with freshly prepared paraformaldehyde (4%)
and glutaraldehyde (0.5%).1:3:68 For morphometric analyses of pyramidal neurons,
perfusion was done using paraformaldehyde (2%) and glutaraldehyde (2%). After the
perfusion, we removed the rats’ brains and stored them in the same fixative overnight. Both
control and experimental pups were perfused by an experienced experimenter on the same
day, using the same solution to assure uniform tissue fixation. Any brains considered to have
been inadequately perfused were not processed for electron microscopy analysis. Fixed
brains were coronally sectioned (50-75 pum thick) with a DTK-1000 microslicer (Ted Pella,
Tools for Science and Industry, Redding CA). The subiculum was localized as described in
anatomical maps,® fixed in 2% osmium tetroxide (Electron Microscopy Sciences, Hatfield,
PA), stained with 4% uranyl acetate (Electron Microscopy Sciences), and embedded in aclar
sheets using epon-araldite resins. The subiculum was then dissected from the aclar sheets
and embedded in BEEM™ capsules (Electron Microscopy Sciences). To prepare capsules
for microtome cutting (Sorvall MT-2 microtome, lvan Sorvall, Norwalk, CT) the tips were
manually trimmed so that ultrathin slices (silver interference color, 600-900 A) could be cut
using a diamond knife (Diatome, Hatfield, PA). Ultrathin sections were placed on grids and
examined using a 1230 TEM electron microscope (Carl Zeiss, Oberkochen, Germany).
Using a 16M-pixel digital camera (SIA-12C digital cameras, Scientific Instruments and
Applications, Duluth, GA), we took 12 random, nonoverlapping electron micrographs
(12,000X magnification) of each subicular layer (pyramidal, polymorphic, and molecular).
Our electron micrographs depicted neuropils and large pyramidal neurons, depending on the
type of analysis needed (see Results). The investigator analyzing electron micrographs was
blinded to the experimental conditions.

Morphometric analyses

To do morphometric analyses of mitochondria in the cytoplasmic soma of pyramidal
neurons in their entirety which is not possible to perform with a single photo frame at such
high magnification (12,000x) we took multiple sequential pictures and tiled them seamlessly

Anesthesiology. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanchez et al.

Page 4

together to make a mosaic of one whole cell body (n = 15 neurons in control group and
anesthesia-treated group each). From these mosaic pictures, the cytoplasm area and
mitochondrial area were measured using Image-Pro Plus 6.1 computer software
(MediaCybernetics, Bethesda, MD). The number of animals necessary for complex and
time-consuming ultrastructural histological studies was determined based on our previously
published study.®

For morphometric analyses of mitochondria in presynaptic neuronal profiles, we first
identified the synapses, using the following criteria: the presence of a postsynaptic density;
the presence of more than one synaptic vesicle closely apposed to the presynaptic
membrane; and the presence of a synaptic cleft delineated by parallel pre- and postsynaptic
membranes.>10 Both excitatory and inhibitory synapse-bearing presynaptic neuronal
profiles were examined using the criteria specified by Crain et al.1! Once identified, the area
of the presynaptic neuronal profile was measured and the presence or absence of
mitochondria was noted. Using Image-Pro Plus 6.1 computer software, the area of
mitochondria, where present, were measured so that the mitochondrial index could be
calculated; the mitohondrial index is defined as the ratio between mitochondrial and
presynaptic neuronal profile areas.

Spectrophotometric analyses of mitochondrial electron transport chain activity

After homogenizing and centrifuging subicular tissue, we measured mitochondrial electron
transport chain (ETC) and citrate synthase activity using a Genesis 10-UV
spectrophotometer (Thermo, Rochester, NY). The incubation temperatures for complexes I,
I1, and CS were 30°C and, for complex 1V, 38°C. ETC complex activities were determined
in supernatants as described by Perez-Carreras et al.12 and expressed as a percentage of the
specific activity of citrate synthase to correct for the neuronal content of mitochondria. ETC
assays were performed in triplicates.

Statistical analysis

Single comparisons among groups were made using unpaired two-tailed t-test. When
ANOVAs with repeated measures were needed, the Bonferroni correction was used to help
maintain prescribed alpha levels (e.g. 0.05). Using the standard version of GraphPad Prism
5.01 software (Media Cybernetics, Inc., Bethesda, MD) we considered p < 0.05 to be
statistically significant. All the data are presented as mean = standard error of mean (SEM).

Electrophysiology studies

All experiments were done on 300-um-thick transverse rat brain slices from 21-28 day-old
animals using procedures described previously.13 The subiculum was localized as described
in anatomical maps.®

Rats were briefly anesthetized with isoflurane and decapitated. Their brains were rapidly
removed and placed in chilled (4° C) cutting solution consisting, in mM, of 2 CaCl,, 260
sucrose, 26 NaHCO3, 10 glucose, 3 KCI, 1.25 NaH,POy4, and 2 MgCls equilibrated with a
mixture of 95% oxygen and 5% carbon dioxide. A block of tissue containing the subiculum
and hippocampus was glued to the chuck of a vibratome (World Precision Instruments,
Sarasota, FL) and slices were cut in a transverse plane. The slices were incubated at 36° C in
oxygenated saline for 1 h, then placed in a recording chamber that was perfused with
extracellular saline at a rate of 1.5 ml/min. Incubating saline consisted, in mM, of 124 NacCl,
4 KClI, 26 NaHCOs3, 1.25 NaH,POy4, 2 MgCly, 10 glucose, and 2 CaCl, equilibrated with a
mixture of 95% oxygen and 5% carbon dioxide. Slices were maintained in the recording
chamber at room temperature and remained viable for at least 1 h. Since the half-life of
halogenated volatile anesthetics in nerve tissue after the induction of anesthesia is only about

Anesthesiology. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanchez et al.

Results

Page 5

10 min,1 it is unlikely that the isoflurane used to euthanize the rats could have interfered
with the results of our experiments, which were performed at least 2 h later.

Recording procedures—Whole-cell recordings were obtained from pyramidal
subiculum neurons visualized with an IR DIC camera (Hamamatsu C2400, Bridgewater, NJ)
on a Zeiss 2 FS Axioscope (Carl Zeiss Jena, Thuringia, Germany) with a 40 X lens.

The standard extracellular saline for recording of evoked inhibitory postsynaptic currents
(elPSCs) and evoked excitatory postsynaptic currents (éEPSCs) consisted, in mM, of 2
CaCly, 130 NaCl, 1 MgCly, 10 glucose, 26 NaHCO3, 1.25 NaH,PQy4, and 2 mM KCI. This
solution was equilibrated with a mixture of 95% oxygen and 5% carbon dioxide for at least
30 min and had a resulting pH of about 7.4. For recording elPSCs, we used an internal
solution containing, in mM, 130 KCI, 4 NaCl, 0.5 CaCl,, 5 ethylene glycol tetraacetic acid
(EGTA), 10 4-(2-hydroxyethil)-1-piperazineethanesulfonic acid (HEPES), 2 MgATP5, 0.5
Tris-GTP, and 5 lidocaine N-ethyl bromide. pH was adjusted with KOH to 7.25. For
recordings of eEPSCS, this solution was modified by replacing KCI with equimolar K-
gluconate. To eliminate glutamatergic excitatory currents, all recordings of eIPSCs were
done in the presence of 5 uM NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline-2,3-dione), 50 uM d-APV (2R)-amino-5-phosphonovaleric acid; AP5,
(2R)-amino-5 phosphonopentanoate) in a bath solution. To eliminate inhibitory currents, all
recordings of eEPSCs were done in the presence of 20 uM picrotoxin [a noncompetitive y-
amino butyric acida antagonist] in the bath solution.

Synaptic stimulation of pyramidal subiculum neurons was achieved with a Constant Current
Isolated Stimulator DS3 (Digitimer, Welwyn Garden City Hertfordshire, England).
Electrical field stimulation was achieved by placing a stimulating electrode within the
hippocampal CA1 soma layer with stimulation intervals of at least 20 s to allow recovery of
synaptic responses. In all recordings, we first determined the current-output relationship, and
then used current intensities in the stimulating electrode corresponding to the maximal
amplitudes of elPSCs and eEPSCs. Recordings were made with the standard whole-cell
voltage clamp technique. Electrodes having final resistances of 2-4 MQ were fabricated
from thin-walled microcapillary glass. Membrane currents were recorded with an Axoclamp
200B amplifier (Molecular Devices, Foster City, CA). Voltage commands and digitization
of membrane currents were done with Clampex 8.2 of the pClamp software package
(Molecular Devices) running on an IBM-compatible computer (Dell, Inc., Round Rock,
TX). Neurons were typically held at -70 mV.

Analysis of current—Current waveforms or extracted data were fitted using Clampfit 8.2
(Molecular Devices) and Origin 7.0 (OriginLab, Northhampton, MA). The decay of eIPSCs
was estimated by a single-exponential term. All salts and chemicals were obtained from
Sigma-Aldrich Chemical.

I. General anesthesia disturbs the fine ultrastructural balance of developing neuronal
mitochondria

Since mitochondrial ultrastructure dictates their function, 1° we studied the ultrastructural
appearance of mitochondria with special emphasis on changes indicative of distorted
mitochondrial integrity. Our work has been focused on the subiculum because this brain
region is highly vulnerable to anesthesia-induced developmental neurodegeneration, as
shown by substantial acute neuroapoptotic damage after the administration of anesthesia®16
and chronic changes marked by substantial neuronal loss.16:17 The subiculum is part of the
hippocampus proper and part of Papez’s circuit; it is intertwined with the hippocampal CAl
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region, anterior thalamic nuclei, and both the entorhinal and cingulate cortices. Accordingly,
the subiculum is important in cognitive development, especially the development of learning
and memory.18

For ultrastuctural analysis of mitochondria, we examined the perikaryon of pyramidal
subicular neurons (fig. 1A, B) and nerve terminals in subicular neuropil (fig. 1C, D) two
weeks after exposure to anesthesia (at P21, see Materials and Methods). We noted that in
control subiculi (fig. 1 A, C), the mitochondria appear normal with no evidence of swelling
or injury; there was a typical homogeneous staining pattern of the matrix without excessive
pallor. In contrast, in the experimental subiculum (fig. 1 B, D) many mitochondria displayed
structural disorganization of cristae (see asterisks), including dilated intracristal spaces with
vacuoles and overall swelling, which made the mitochondria appear substantially larger than
normal. In addition, multiple mitochondrial profiles were suggestive of severe degenerative
changes (fig. 1 D, black arrows).

Since degenerated organelles are removed by autophagy, we investigated whether the use of
general anesthesia leads to heightened autophagic activity. We examined pyramidal neurons
in control and experimental subiculi for ultrastructural signs of autophagosomes, lysosomes,
and autophagic vacuoles. Using electron microscopy as the gold standard to examine the
formation of autophagic profiles, we found that experimental neurons displayed many
autophagic profiles (fig. 2A, B). Dispersed throughout the cytoplasm were many lysosomes
(fig. 2A, double asterisks) and autophagic vacuoles. These single-membrane structures are
formed by the fusion of lysosomes and autophagosomes to allow the digestion of biological
“garbage”; they are also referred to as autolysosomes (fig. 2A, arrowheads). The
morphological hallmark of autophagy is the formation of double-layered membrane
structures called autophagosomes. Experimental neurons frequently contained multiple
autophagosomes where parts of cannibalized mitochondria could be detected (fig. 2B, single
asterisk). The presence of numerous autophagic profiles suggests that general anesthesia
increases the autophagic load in immature neurons.

Since general anesthesia appears to cause mitochondrial enlargement (fig. 1 B, D), we did a
detailed morphometric analysis of mitochondria in the somas of pyramidal subicular
neurons. When measured as a percent of the cytoplasmic area of pyramidal neurons, we
found that mitochondria in the experimental neurons occupied approximately twice as much
area of the cytoplasmic soma area than did controls (22.5 + 3.1% vs. 13.44 + 1.2%, * p <
0.05) (fig. 3A, n = 15 neurons per group from 3 control and 3 experimental pups). This did
not appear to be due to an increase in mitochondrial number, since mitochondrial density,
presented as the number of mitochondria per unit area (um?) of cytoplasmic soma, was
significantly lower in experimental pyramidal neurons as compared to control pyramidal
neurons (fig. 3B).

We confirmed that anesthesia causes mitochondrial enlargement when we categorized
mitochondria as small (up to 0.05 pm?2), medium (0.06 to 0.25 um?), large (0.26 to 0.65
um?), and extra-large (above 0.65 pm?) (fig. 4). Indeed, we found a complete reversal of the
ratio between small and large mitochondria in control and experimental animals. For
example, about 15% of the total mitochondria in control pyramidal neurons were small ones,
whereas only 5% of mitochondria in experimental neurons were small (*** p < 0.001) (fig.
4A). Large mitochondria constituted only 5% of the total mitochondria in control animals,
while more than 15% of the mitochondria in experimental pyramidal neurons were large (*
p < 0.05) (fig. 4C). Interestingly, although extra-large mitochondria represent less than 1%
of the total number of mitochondria, they appeared to be two-fold more prevalent in
experimental pyramidal neurons (fig. 4D) than they were in control pyramidal neurons,
suggesting that anesthesia causes a substantial imbalance in mitochondrial size, with a clear
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tendency toward mitochondrial enlargement (n = 15 neurons per group from 3 control and 3
experimental pups).

Il. General anesthesia disturbs regional distribution of developing neuronal mitochondria

The proper development and function of synapses depends on mitochondrial support, since
synaptogenesis has high metabolic requirements.19-22 Therefore, regional distribution of
mitochondria in presynaptic nerve terminals and their strategic placement in the vicinity of
developing synapses is crucially important. Having demonstrated that general anesthesia
causes substantial enlargement of mitochondria in neuronal somas, as shown in figures 3
and 4, we then examined whether similar morphometric changes could be detected in
presynaptic neuronal terminals. To compare regional distribution of mitochondria in
presynaptic neuronal profiles in experimental and control subiculi, we quantified the number
of presynaptic neuronal profiles, out of all those present in any given electron microscopy
photo frame of subicular neuropils (at 12,000x magnification), that contained mitochondrial
profiles. We expressed the findings as a percentage of presynaptic profiles containing
mitochondria. We found a significantly higher (* p < 0.05) percentage of mitochondria-
containing presynaptic profiles in control as compared to experimental subiculi (fig. 5) (n =
28 photo frames/group from 4 control and 4 experimental pups from two different litters).

To further assess our ultrastructural observation suggesting substantial swelling of
mitochondrial profiles in presynaptic neuron terminals (fig. 1D), we did detailed
morphometric analysis of the area of mitochondrial profiles (in pm?2). We found that
experimental mitochondrial profiles were, on average, 38% larger than control
mitochondrial profiles (* p < 0.05) (fig. 6A) (n = 30 photo frames obtained from 5 control
pups; n = 45 photo frames obtained from 5 experimental pups; control and experimental
pups were litter-matched; total of three different litters were used). When the areas of
mitochondria-containing presynaptic nerve terminals were measured, we found no
difference between control and experimental animals (fig. 6B) (n = 30 photo frames
obtained from 5 control pups; n = 45 photo frames obtained from 5 experimental pups;
control and experimental pups were litter-matched; total of three different litters were used).
Consequently, when we calculated the mitochondrial index, which is the ratio between
mitochondrial area and mitochondria-containing presynaptic area, we found that this index
was significantly higher in experimental subicular neuropils (* p < 0.05) indicating that
terminally distributed mitochondria display morphometric changes that are similar to those
in mitochondria located in the soma (fig. 6C).

lll. General anesthesia acutely disturbs functional balance in developing neuronal
mitochondria

Since we have previously reported that general anesthesia causes acute disturbances of
cytochrome ¢ homeostasis within the first 4 h of anesthesia exposure,! we question whether
anesthesia modulates the function of ETC complexes, particularly complex IV (cytochrome
c oxidoreductase). Complex IV is of interest for three reasons: it depends on the availability
of cytochrome c, since it transfers electrons from cytochrome c to oxygen, thus controlling
the final steps of electron transport and adenosine triphosphate (ATP) synthesis; it is
encoded in part by mitochondrial deoxyribonucleic acid, which makes it particularly
vulnerable to mitochondrial dysfunction; modulation of complex IV activity has been shown
to cause elevated free oxygen radical production3 thus making neurons vulnerable to
excessive lipid peroxidation and protein oxidation. We measured complex 1V activity in
mitochondrial homogenate prepared from fresh subicular tissue of rat pups on P8, 24 h after
anesthesia treatment. Since citrate synthase activity is directly proportional to mitochondrial
content, the activity of complex 1V was expressed as a ratio (per the activity of citrate
synthase). As shown in figure 7A, there was a significant increase in complex IV activity 24
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h after anesthesia treatment (* p < 0.05) (n = 8 pups in control group; n = 6 pups in
experimental group). When we measured the activity of complexes I and 11/111, we found no
change in experimental groups as compared to controls (fig. 7B, C, respectively) (n =5 pups
in control group; n =5 pups in experimental group for complex I activity; n=3 in control
group; n =4 pups in experimental group for complex 11/111 activity).

IV. General anesthesia impairs developmental synaptic transmission

Given the fact that general anesthesia impairs synapse formation during early brain
development,*° as well as our findings suggesting that general anesthetics impair
mitochondrial morphogenesis and decrease the numbers of mitochondria in presynaptic
neuronal profiles, we ask whether the diminished presence of mitochondria in anesthesia-
treated subiculum has any bearing on the functional integrity of its synapses. To address this
question, we examined inhibitory (eIPSC) and excitatory (eEPSC) synaptic transmission by
recording from the pyramidal layer of control and anesthesia-treated rat subicular slices (see
Methods). The traces in figure 8A show representative elPSCs from the control (red line)
and experimental group (blue line), both of which received anesthesia at P7. Paired
stimulation of afferent fibers resulted in pair-pulse depression, a highly characteristic finding
for subicular neurons (fig. 8A). This test is done by analyzing changes in the ratio of eIPSCs
elicited by two identical presynaptic stimuli delivered in rapid succession. This paired-pulse
depression of test elPSCs (P2) relative to conditioning elPSCs (P1) is thought to be due to
depletion of a fraction of readily available synaptic sites.

In comparison to the control group, the experimental group had ~ 49% decrease in net
charge transfer of elPSCs measured as the area under the curve (p < 0.05); a decreased
decay time constant (tau) from 58 + 9 ms (n = 14) to 34 + 4ms (h = 12, p < 0.05); and a
significantly altered paired-pulse ratio P2/P1 (amplitude of elPSC-2: amplitude of eIPSC-1)
from 0.81 £ 0.02 (n = 14) t0 0.87 £ 0.01 (n = 12, p < 0.05). The data are summarized in the
histogram in figure 8B.

It is generally accepted that presynaptic depressants that change the probability of
transmitter release from presynaptic terminals cause a smaller fraction of the readily
releasable pool of vesicles to undergo exocytosis and therefore decrease pair-pulse
depression. 24 This means that in the presence of presynaptic modulators, the ratio P2:P1
becomes larger. On the other hand, if a modulator acts on postsynaptic sites, pair-pulse
depression should remain unchanged while current amplitude and/or decay time might be
changed. Changes in decay time constant, as well as decreased current amplitudes and
alterations in the P2:P1 ratio strongly suggest that both postsynaptic and presynaptic
mechanisms contribute to the decreased synaptic strength of inhibitory transmission in the
experimental group. In contrast, we found no significant difference in the synaptic strength
(net charge transfer) of eEPSCs between the control (n = 20 cells) and experimental groups
(n = 10 cells, data not shown).

Discussion

General anesthesia administered to 7-day-old rat pups causes long-lasting alterations in
mitochondrial morphogenesis and regional distribution, heightened autophagocytic activity
and ongoing neuropil destruction, as well as significant disturbances in synaptic
neurotransmission in the subiculum.

Mitochondrial regeneration in neurons depends on balancing two opposing processes,
mitochondrial fusion and fission.2> Deranged fusion leads to mitochondrial fragmentation;
deranged fission leads to mitochondrial enlargement. Since our ultrastructural analyses
indicate that anesthesia causes enlargement of mitochondria, general anesthetics may

Anesthesiology. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanchez et al.

Page 9

modulate the fine equilibrium between fusion and fission which can lead to disturbances in
mitochondrial functioning. This may not be well tolerated by immature and functionally
busy mammalian neurons, which are in need of adequate metabolic support. Indeed,
impairment of mitochondrial morphogenesis may, at least in part, be the cause of reported
anesthesia-induced developmental neurodegeneration,1:6:8:26-28 especially since an
imbalance between fission and fusion appears to have a causal role in initiating several
neurodegenerative diseases.2%30 Interestingly, large (and “giant”) mitochondria are often
described in aging neurons.31 Although it is tempting to draw a parallel between certain
elements of neurodegeneration unique to aging and anesthesia-induced neurodegeneration
unique to developmental brain it remains to be determined whether they share similar
cellular pathways. In particular, it remains to be determined how anesthesia affects
developmental fusion and fission using an easy-to-manipulate in-vitro system while
focusing on various GTPase proteins (e.g., Drpl, fis 1, OPA 1, mitofusin 1 and 2) that are
crucial for proper pathway activation.32-34

It is possible that fusion and fission are modulated by anesthesia and thus are the main
causes of mitochondrial enlargement. However, our ultrastructural observations indicate that
mitochondria are swollen and plagued by deranged, fragmented cristae and inner
membranes suggesting that the impairment of mitochondrial membrane integrity may be the
main cause of their “leakiness,” allowing the indiscriminate entry of colloids and water. In
support of this notion is our previous finding that anesthetics causes significant
downregulation of bcl-x_proteins, which are important in maintaining mitochondrial
membrane integrity. This downregulation leads to cytochrome c leakage suggestive of
increased mitochondrial permeability.!

Mitochondria have been classified by size in chronic neurodegenerative diseases such as
Parkinson’s and Alzheimer’s, in which large mitochondria predominate, while the
population of medium-sized mitochondria remains unchanged.3® We observed a similar
tendency toward mitochondrial enlargement with a seemingly stable population of medium-
sized mitochondria. Although medium-sized mitochondria may show a lower propensity for
swelling than small ones, a more likely explanation is that the observed phenomenon is due
to the shift in mitochondrial size distribution toward medium and large size category caused
by the swelling of small and medium-sized mitochondria, respectively rather than a focal
increase in mitochondria of any one size. Therefore, a detailed ultrastructural analysis of
mitochondria should always accompany the size analysis.

Mitochondria are generated in the soma and move within the cytoplasm to distribute within
cells.38 Since neurons have multiple compartments (e.g., dendrites, axons, and synapses)
that are located far from the cell body, they depend heavily on proper mitochondrial
distribution.1® As the main regulators of ATP production, mitochondria are frequently found
in the vicinity of active growth cones of developing neurons!® and in terminals with active
synapses.29-21 We report that significantly fewer mitochondria are located in presynaptic
neuronal profiles in anesthesia-treated subiculi than are in controls. Also, the mitochondrial
profiles in presynaptic neuronal profiles are significantly larger than those in controls,
suggesting that anesthesia-induced morphological changes shift the regional distribution of
mitochondria away from very distant, thin, and highly arborized dendritic branches at a time
when their presence is crucial for normal synapse formation and development. It remains to
be determined whether anesthetics impair proper mitochondrial trafficking which may
explain anesthesia-induced impairment of the morphogenesis and plasticity of dendritic
spines and synapses.* ®

We report a decrease in mitochondrial density in both neuronal soma and presynaptic
terminals which may suggest mitochondrial “dropout” due to mitochondrial degeneration
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and removal via autophagy. However, a decrease in mitochondrial density could be relative,
caused by the fact that large mitochondria represent a bigger fraction of cytoplasmic and
presynaptic terminal areas due to mitochondrial swelling or, perhaps, improper fission/
fusion.

We show that the activity of complex IV is significantly up-regulated while the activity of
complexes | and 1I/111 remains unchanged. It is possible that an increase in complex 1V
activity provides anesthesia-treated neurons with increased ATP levels,3” which would
result in a higher energy state. Although it would be tempting to consider higher ATP levels
to be beneficial for developing neurons, there is a drawback to the increased neuronal energy
level based on an isolated increase in complex 1V activity. Instead of leading to decreased
oxidative stress by decreasing ROS production, as previously thought,38 a recent report
suggests that acute elevation of complex IV activity is associated with increased ROS
production.23 In other words, a higher complex IV electron transfer rate onto oxygen, in
view of intact activity of complexes I, Il, and Il1, results in a higher degree of oxidation of
the ubiquinone pool. This allows complexes Il and 111 to transfer electrons to oxygen,
causing an increase in ROS production. If anesthesia leads to elevated ROS production,
protein oxidation, and lipid peroxidation, this may, at least in part, explain the ongoing
neuropil destruction and prominent neurite degradation. °

Here we focus on subiculum. However, the effects of anesthesia on complex IV activity
could be brain- region specific. For example, in a neurotoxic model of Parkinson’s disease it
has been shown that striatal, but not cortical neurons demonstrate elevated complex 1V
activity, resulting in ROS upregulation and neuronal cell death.3” Hence, it remains to be
determined how anesthesia affects the activity of complex IV and other ETC proteins in
other brain regions that are vulnerable to anesthesia-induced developmental
neurodegeneration.

We question whether our patch-clamp results showing that a single exposure to anesthesia
leads to lasting depression of inhibitory transmission in subicular neurons could be due to
impaired regional distribution of mitochondria. This is based on the fact that defective
synaptic transmission is associated with the loss of mitochondria from axon terminals.22
Interestingly, although inhibitory neurotransmission was impaired, excitatory
neurotransmission was spared. Our earlier study using hippocampal slices of rats exposed to
general anesthesia at age P7 demonstrated that excitatory synaptic transmission was not
affected.8 This is intriguing considering that our morphometric studies of the subiculum
show nonselective synapse loss® and nonselective changes in mitochondrial regional
distribution/ morphometry when excitatory and inhibitory synapses were examined (data not
shown). The obvious reason for this selective functional synaptic plasticity is not known.
However, it is of interest that functioning mitochondria and their ATP production are
essential for maintaining normal synaptic physiology.34-39:40

Acute application of isoflurane or midazolam potentiates the inhibitory drive by heightening
inhibitory synaptic activity mediated by gamma amino-butyric acida receptors.#! In

contrast, nitrous oxide silences excitatory (N-methyl-D-aspartate-mediated) synaptic
transmission.*2 Thus, it is possible that, as a consequence of an inadequate metabolic ratio
of supply to demand, anesthesia-induced degenerative changes in mitochondria and a
potential decrease in ATP production preferentially impair highly activated inhibitory
synaptic function. ROS signaling may be important in modulating synaptic transmission. For
example, acute applications of hydrogen peroxide, the common donor of ROS, preferentially
reduced inhibitory over excitatory synaptic transmission in thalamocortical 43

hippocampal, 444° cortical, and striatal slices* by both pre- and post-synaptic mechanisms.
Since the strength of elPSCs but not eEPSCs in subiculi is greatly diminished in slices of
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rats exposed to clinical anesthesia early in life, it is tempting to speculate that this can be at
least in part a result of the production of ROS in response to anesthetic-induced
mitochondrial dysfunction. However, the precise mechanism for the selective homeostatic
changes in neuronal function under extensive y amino-butyric acid stimulation associated
with various physiological and pathological conditions remains to be examined.46

Because damaged mitochondria could become an uncontrollable source of ROS and
therefore would have to be degraded to ensure neuronal survival, it came as no surprise that
anesthesia created a substantial amount of biological “garbage” and heightened autophagy.
Autophagy is initiated by the formation of autophagosomes, double-membrane-bound
cellular structures that enter lysosomes, acidic vacuolar compartments containing various
lytic enzymes that have pH optima in the acidic range.#”4% Lysosomes may slowly leak
enzymes, which, in turn, can induce apoptosis via activation of a variety of pro-caspases.
Our observation of a substantial number of autophagic bodies, in addition to impaired
mitochondrial morphogenesis, neuropil damage, and synapse loss® raises the important
possibility that anesthesia kills developing neurons simply by overwhelming natural
autophagy with a massive production of defective mitochondria. Further studies will be
necessary to test this possibility.

Although a reliable model for studying developmental neurodegeneration our anesthesia
protocol is based on the use of anesthetics in combination. As such it prevents us from
deciphering the relative contribution of each agent. Further studies of individual anesthetics
will help us decipher their relative importance in inducing mitochondrial morphological
impairments and dysfunction.

We show that general anesthesia causes significant impairment in mitochondrial
morphogenesis and function in developing rat brain thus suggesting that mitochondria may
be the most vulnerable initial target of anesthesia-induced developmental neurotoxicity.
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Sham controls SOMA Anesthesia-treated

Figure 1. Anesthesia causes long-lasting ultrastructural changes in mitochondria in subiculi of
21-day-old rats

A, C) The pyramidal neuron (A) and neuropil (C; synaptic contacts are noted with arrows)
in a subiculum from a control rat show abundant small mitochondria with no evidence of
swelling or injury. B, D) Mitochondria in the perikarion of a pyramidal neuron (B) and
nerve terminals in a neuropil (D) of subiculum from experimental rats display structural
disorganization of cristae (asterisks), as well as dilated intracristal spaces with vacuoles and
overall swelling. Note the presence of dark, condensed mitochondria in late stages of
degeneration (arrows) (magnification 12,000x). N - nucleus.
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Figure 2. Anesthesia promotes autophagic activity, as shown in subicular pyramidal neurons of
21-day-old rats

A) In experimental pyramidal neurons, numerous lysosomes (double asterisks) and
autophagic vacuoles (arrowheads) were dispersed throughout the cytoplasm. B)
Autophagosomes, double-layered membrane structures, were frequently noted in
experimental neurons where parts of cannibalized mitochondria could be detected (single
asterisk).
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Figure 3. Morphometric analysis of mitochondria in the perikaryon of pyramidal subicular
neurons of 21-day-old rats

A) Mitochondria in the experimental neurons occupy significantly more cytoplasmic soma
than do those in controls (22.5% vs. 13.44%,* p < 0.05) (n = 15 neurons per group from 3
animals each). B) In experimental animals, mitochondrial density, presented as the number
of mitochondria per unit area (um?2) of cytoplasmic soma, is significantly lower in pyramidal
neurons than that in controls (* p < 0.05, n = 15 neurons per group from 3 control and 3
experimental pups; control and experimental pups were litter-matched).
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Figure 4. Mitochondrial size classification in the perikaryon of pyramidal subicular neurons of
21-day-old rats

A) A small fraction of mitochondria (up to 0.05 um?) constitutes about 15% of total
mitochondria in control pyramidal neurons, but only 5% in the experimental pyramidal
neurons (*** p < 0.001). B) A medium-sized fraction of mitochondria (0.06 to 0.25 um?)
represents the largest population of mitochondria in subicular pyramidal neurons. This
fraction remains unchanged after anesthesia treatment. C) A large fraction of mitochondria
(0.26 to 0.65 pm?) constitutes only about 5% of total mitochondria in control pyramidal
neurons, but 15% of those in experimental pyramidal neurons (* p < 0.05). D) An extra-
large fraction of mitochondria (more than 0.65 um?) represents less than 1% of the total
number of mitochondria in experimental pyramidal neurons and shows over two-fold higher
prevalence in these neurons (fig. 3D) although it did not reach statistical significance (n = 15
neurons per group from 3 control and 3 experimental pups; control and experimental pups
were litter-matched).
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Figure 5. Anesthesia decreases mitochondrial density in presynaptic neuronal terminal subicular
neuropils of 21-day-old rats

Compared to controls, fewer presynaptic neuronal terminals in experimental subicular
neuropils contain mitochondrial profiles. When the findings are presented as a percentage of
presynaptic profiles containing mitochondria, a significantly (about two-fold) higher
percentage of mitochondria-containing presynaptic profiles occurs in control subiculi than in
experimental subiculi (* p < 0.05) (n = 28 photo frames/group from 4 control and 4
experimental pups from two different litters; control and experimental pups were litter-
matched).
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Figure 6. Morphometric analysis of mitochondria in presynaptic neuronal terminals in subicular
neuropils of 21-day-old rats

A) Morphometric analysis of the area of mitochondrial profiles shows that experimental
mitochondrial profiles were approximately 30% larger than that of controls (* p < 0.05)) (n
= 30 photo frames obtained from 5 control pups; n = 45 photo frames obtained from 5
experimental pups; control and experimental pups were litter-matched; total of three
different litters were used). B) There is no difference between control and experimental
subiculi with regard to the areas of mitochondria-containing presynaptic nerve terminals (n
= 30 photo frames obtained from 5 control pups; n = 45 photo frames obtained from 5
experimental pups; control and experimental pups were litter-matched; total of three
different litters were used). C) The calculated mitochondrial index (ratio between
mitochondrial area and mitochondria-containing presynaptic area) was significantly higher
in experimental subicular neuropils (* p < 0.05) than in control neuropils.
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Anesthesia differentially modulates the activity of mitochondrial respiratory chain proteins.
A) Compared to control subiculi, the activity of complex IV in experimental subiculi is
significantly increased at 24 h after anesthesia (* p < 0.05) (n = 8 pups in control group; n =
6 pups in experimental group). B) The activity of complex | was unchanged in the
anesthesia-treated group as compared to sham controls (n = 5 pups per group). C) The
activity of complex 11 was unchanged in the anesthesia-treated group as compared to sham
controls (n = 3 pups in control group; n = 4 pups in experimental group). The activity of
complexes I, 11, and IV were expressed as ratios [per the activity of citrate synthase] since
citrate synthase activity is directly proportional to mitochondrial content.
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Figure 8. Alterations occurred in inhibitory synaptic transmission in pyramidal cells of subiculi
after exposure to anesthesia early in life

A) Representative elPSCs obtained using a paired-pulse protocol to record from two
pyramidal cells in the subiculi of rats in the control (red trace) and experimental groups
(blue trace). Note that the experimental group had decreased current amplitude and faster
decay. Arrows indicate the time of paired-pulse stimulus application (interval 1.1 s).
Stimulus transients have been removed for clarity of the current traces. B) Histograms
showing average data from control cells (n = 14) and experimental cells (n = 12). Black
solid bars indicate control cells; gray bars represent experimental cells; vertical lines
indicate the SEM of multiple determinations. All data are normalized to 100% of average
responses in the control group. Left panel shows a decrease in net charge transfer of eIPSCs
from 100 + 18% to 51 + 9% (p < 0.05) in the experimental group; middle panels show a
decrease in decay of tau from 100 + 16% to 59 + 7%; right panels show a small but
significant increase in P2/P1 from 100 + 2% to 107 + 1% (p < 0.05).
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