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Anesthetic agents have been implicated in the causation of neurological and cognitive deficits after
surgery, the exacerbation of chronic neurodegenerative disease, and were recently reported to promote
the onset of the neurologic respiratory disease Congenital Central Hypoventilation Syndrome (CCHS),
related to misfolding of the transcription factor Phox2B. To study how anesthetic agents could affect
neuronal function through alterations to protein folding, we created neuronal cell models emulating the
graded disease severity of CCHS. We found that the gas anesthetic isoflurane and the opiate morphine
potentiated aggregation and mislocalization of Phox2B variants, similar to that seen in CCHS, and
observed transcript and protein level changes consistent with activation of the endoplasmic reticulum
(ER) unfolded protein response. Attenuation of ER stress pathways did not result in a correction of
Phox2B misfolding, indicating a primary effect of isoflurane on protein structure. We also observed
that isoflurane hindered the folding and activity of proteins that rely heavily on ER function, like the
CFTR channel. Our results show how anesthetic drugs can alter protein folding and induce ER stress,
indicating a mechanism by which these agents may affect neuronal function after surgery.

Every year over 60 million anesthetics are administered to patients in the United States, as part of a surgery or for
medical procedures'. The pharmaceuticals commonly administered during anesthesia, necessarily, modulate neu-
ronal activity, and may have effects that extend beyond the peri-operative period®. The adverse effects of anesthet-
ics are more prominent in populations that have a lower capacity to handle stress, like the elderly, where persistent
neuronal dysfunction can manifest as memory or cognitive deficits, or the exacerbation of chronic neurode-
generative diseases®™. Post-operative cognitive dysfunction (POCD) develops in ~10-40% of patients, with risk
factors including (but not limited to) older age, the occurrence of perioperative complications and pre-existing
cerebral/cerebrovascular disease®. POCD increases the risk of peri-operative morbidity, mortality and patient
use of social assistance®®. The mechanisms by which POCD develops are unknown but may be related to patient
physical and psychological stress, immune modulation, or that POCD may occur as an exacerbation of already
existing chronic neurologic disease”®. As evidence for the latter, anesthetics were shown to induce tau hyper-
phosphorylation®'* and amyloid deposition!>! in Alzheimer’s models, dyskinesias in Parkinson’s Disease!’ %,
and huntingtin protein aggregation in models of Huntington’s Disease. Determining how anesthetic drugs may
influence POCD or chronic neurologic disease may allow for correction or mitigation, but delineating the con-
tributory role of anesthetics is challenging because of the chronic, generally slow and progressive course of the
disease process. A potential window into the effect of anesthetic agents on neurologic disease was illustrated by
the reported onset of Congenital Central Hypoventilation Syndrome (CCHS, also known as Ondine’s Curse)
after exposure to anesthesia for a routine surgery?*2. CCHS is caused by mutations in the transcription factor
Phox2B, which normally functions in respiratory control in the brainstem and facilitates respiratory drive®».
Phox2B possesses an unusual stretch of twenty consecutive alanine residues, with unknown function, and CCHS
is usually associated with an expansion of this region (up to 35 total alanines). Disease onset shows aggregation
of the Phox2B protein in cells of the retrotrapezoid nucleus, causing cytotoxicity and the death of carbon dioxide
sensing cells?>?. As a result, CCHS patients require tracheostomy and lifelong ventilation. Interestingly, the age of
onset and disease severity of CCHS is directly related the number of alanine expansions”. With thirteen to fifteen
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Figure 1. Subcellular localization of Phox2B variants in SH-SY5Y cells. (A) The wild-type (20Ala) variant of
Phox2B is present almost exclusively in the nucleus, consistent with the protein’s function as a transcription
factor. The addition of further alanine residues, representing milder and later-onset versions of CCHS (23-
30Ala), are also primarily present in the nucleus. Only the most significant alanine expansion, 33Ala, contains
misfolded Phox2B in the cytosol. Nuclear imaging with Hoechst staining and Phox2B via an mCherry
N-terminal tag; (B) Consistent with previous attempts to express the most significant clinical versions of
Phox2B, the addition of 13 extra-alanine residues results in the cytoplasmic localization of the protein in ~50%
of cells. At baseline, no other Phox2B variant had a significant number of cells with misfolded, cytoplasmically
localized protein (all less than 5%, including the WT protein). Data are presented as mean =+ s.e.m. of biological
triplicate experiments, where p < 0.05 (denoted by*) was determined using a one-way ANOVA with a Dunnetts
post-hoc test relative to the control (WT) group.

extra alanines (33-35 total), a patient usually requires ventilatory support from birth, but a smaller number of ala-
nines is associated with later disease onset, often occurring after a precipitating event with physiological stress**%.
The patient described to have anesthesia-induced onset of CCHS possessed five extra alanines (25 total), and was
asymptomatic prior to anesthesia exposure?'. Non-human disease models and post-mortem pathology reveals
that CCHS is associated with Phox2B aggregation in the cytoplasm (as a transcription factor, it is usually nuclear),
insinuating that anesthetic agents may be able to alter the folding/aggregation of the protein. This is particularly
interesting since many chronic neurodegenerative diseases, at least partially, result from protein misfolding, indi-
cating that anesthesia effects on the folding and aggregation of proteins may be a contributive etiology to POCD.
We have utilized the neurologically important context of CCHS to study the effect of anesthetics on protein fold-
ing, and have found that the inhalational anesthetic isoflurane is able to induce Phox2B aggregation, upregulate
endoplasmic reticulum (ER) stress pathways, and promote misfolding of other clinically important proteins that
rely heavily on ER function (i.e. CFTR). Additionally, we found that modulation of ER stress cannot attenuate
isoflurane-induced protein misfolding, illustrating a potential direct effect of the anesthetic drug on protein struc-
ture, with implications for mitigation or attenuation of POCD.

Results

Phox2B alanine expansions emulate CCHS clinical disease presentation. CCHS disease severity
is tied to the size of the alanine expansion present in the Phox2B transcription factor?”. To emulate this clinical
observation, we made expression constructs representing the most common patient genotypes, possessing three
(23Ala), five (25Ala), seven (27Ala), ten (30Ala) and thirteen (33Ala) extra alanines, plus the wild-type protein
(20Ala). All constructs contained an N-terminal mCherry fluorescent tag to facilitate live-cell imaging of protein
localization after stable transfection into SH-SY5Y (neuroblastoma) cells (Fig. 1). We observed that the smaller
alanine constructs (20Ala, 23Ala, 25Ala, 27Ala and 30Ala) had 97-100% nuclear localization, consistent with
the protein being a transcription factor, where the most severe 33Ala variant was present as cytosolic aggre-
gates in approximately half of the cells (41.1% =+ 0.9, mean & s.e.m.) (mCherry alone control vector was present
in a uniform cytosolic distribution, without aggregates). These results are consistent with the observed clinical
characteristics of CCHS, where patients possessing the 33Ala Phox2B variant have the most severe cellular and
physiological phenotype?”. While systematic alanine-dosing of Phox2B has not been performed previously, earlier
experiments observing the cellular localization of 33Ala are consistent with our findings, namely that ~50% of the
cells have evidence of cytosolic protein localization®.

Anesthetic agents promote Phox2B aggregation. To determine how a surgical anesthesia may ini-
tiate the onset of CCHS, we tested pharmaceuticals commonly used in anesthesia for their ability to potentiate
Phox2B aggregation and loss of nuclear localization. This included (1) propofol, a hypnotic GABA-A agonist and
a general anesthetic, (2) morphine, an opiate analgesic, and (3) isoflurane, the most commonly used inhalational
anesthetic and anesthesia maintenance agent, also an agonist of the GABA-A channel. After a four-hour anes-
thetic drug exposure using clinically-relevant serum concentrations, no agent had any effect on the localization or
aggregation of the smaller alanine variants (W'T, 23Ala, 25Ala) (Fig. 2, Suppl Figs 1, 2). However, with larger ala-
nine expansions (27Ala and larger), isoflurane began to induce cytoplasmic protein localization and aggregation
(Fig. 2). The effect of isoflurane was dose-dependent, showing no statistical difference from control in aggregated,
mislocalized protein at 0.5 Minimal Alveolar Concentration (MAC), an intermediate response at 0.75 MAC, and
the most significant response at 1.0 MAC (with statistical significance over baseline for the 27Ala, 30Ala and
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Figure 2. Isoflurane affects Phox2B folding and subcellular localization in SH-SY5Y cells. The addition of
isoflurane at 1.1% (1 MAC, usual surgical concentration) for four hours caused Phox2B to misfold and remain
in the cytoplasm as aggregates (A). The effect was dose-responsive, with respect to both the concentration of
isoflurane (0.5, 0.75 and 1.0 MAC) and the number of alanine residues present in the protein (B). The effect
of isoflurane on Phox2B misfolding was non-significant at the lowest concentration of the gas (0.5 MAC), but
increased, and became significant, with higher isoflurane concentrations (0.75 and 1.0 MAC). The response
was also dependent on the number of alanines present, becoming significant from 25Ala to 30Ala. The largest
expansion (33Ala) also had an increased amount of misfolded protein with cytoplasmic localization, but was
less affected than 30Ala, likely because of the baseline severity of the 33Ala variant. Data are presented as
mean % s.e.m. of biological triplicate experiments, where p < 0.05 (denoted by*) was determined using a one-
way ANOVA with a Dunnett’s post-hoc test relative to the control (WT) group within that isoflurane dose.

33Ala variants for both 0.75 and 1.0 MAC, where 1.0 MAC is the anesthetic gas concentration needed to prevent
a response to surgical stimulus in one-half of the population, and represents the typical intra-operative amount
of anesthetic delivered). For both 0.75 and 1.0 MAC isoflurane, the 30Ala expansion had the most significant
change from baseline (34.1% =+ 4.0 and 43.6% & 6.0 more cells with cytosolic localization compared to control,
for 0.75 and 1.0 MAC respectively, both p < 0.05). Morphine had a smaller but statistically significant effect on the
30Ala mutation alone, and only at the highest concentration of the drug tested (tested at 1 and 10 uM, 23.3% 3.9
more cells with cytosolic localization compared to control for 10 pM, p < 0.05). Interestingly, propofol (tested 0.1
and 1 M) had no effect on any Phox2B variant, despite binding to the same therapeutic receptor as isoflurane
(GABA-A)(Suppl Figs 1, 2). These results indicate that isoflurane most significantly affects Phox2B folding, sub-
cellular localization and aggregation, precipitating the disease phenotype.

Isoflurane Induces ER Stress Pathways. In animal models of CCHS, misfolding of Phox2B with cyto-
plasmic aggregation has been shown to induce cytotoxicity and the death of neurons in the retrotrapezoid nucleus
of the brainstem, an area responsible for carbon dioxide sensing®?2. To investigate the mechanism by which
isoflurane may promote cytotoxicity through protein misfolding, we determined how the anesthetic agent affects
ER stress pathways. At the transcript level, we observed that a four-hour exposure of SH-SY5Y cells to 1.0 MAC
isoflurane had significant effects on common ER stress pathways affecting translation/gene expression (PERK/
EIF2AK3, XBP1, IRE1/ERN1) and protein quality control and folding (calreticulin, ERO1L)(Fig. 3, Suppl Fig. 3
and Table 1). We also observed that isoflurane had a strong and specific effect on the transcript levels for pro-
teins involved in glycoprotein degradation and processing (EDEM1, EDEM3, GANAB, UGGT1) and heat shock
proteins/chaperones (DNAJB9, DNAJC3, HSPH1). As a downstream correlation, we investigated how isoflurane
altered the level of proteins involved in ER stress pathways and the handling of terminally misfolded proteins
(Fig. 4). Similar to the transcript analysis, ER proteins involved in protein folding/disulphide bond formation
were significantly altered including calnexin (2.1 £ 0.1 fold increase over control), protein disulphide isomerase
(PDI) (1.6 £ 0.1 fold increase) and the oxidoreductase Erol (1.7 0.1 fold decrease). Proteins involved in tran-
scriptional/translational regulation were also affected, including PERK (2.7 4 0.3 fold increase) and BiP (2.2£0.2
fold decrease), and we saw an increase in enzymes involved in glycoprotein misfolding including EDEM1
(1.540.2 fold increase) and FbXO6 (1.7 + 0.2 fold increase). Therefore, both our transcript- and protein-level
analyses indicate that isoflurane can induce activation of ER stress and UPR pathways, with specific emphasis
on those involving the handling of terminally misfolded proteins, glycoproteins, and ER-mediated alterations to
transcription/translation. These findings are consistent with our observation of isoflurane-induced misfolding
and aggregation of Phox2B.

ER Modulation Reduces Isoflurane-Related ER Stress But Doesn’t Attenuate Protein
Misfolding. Our findings do not indicate whether isoflurane has a direct effect on protein folding, leading
to activation of the UPR, or if isoflurane-induced ER stress leads to protein aggregation. To help delineate the
cause and effect relationship, we utilized small molecules known to modulate protein folding and ER stress.
Specifically, we tested the ability of 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG, Hsp90 inhibitor),
curcumin (anti-oxidant and anti-protein aggregation natural product) and ibuprofen (previously shown to reduce
the aggregation of other poly-Ala expansion proteins) to attenuate the adverse effects of isoflurane**3-%". The first
two of these compounds (17AAG and curcumin) have been extensively studied for their anti-cancer benefits,
and are of interest for our system since Phox2B variants are also associated with an increased incidence of neuro-
and medulloblastoma®~*°. Additionally, these compounds were illustrated to reduce Phox2B aggregation in a

SCIENTIFICREPORTS| (2018) 8:5275 | DOI:10.1038/s41598-018-23335-0 3



www.nature.com/scientificreports/

30]L
15¢ x>
5 [
0 -
e
5 10-
]
o
)
Y 5+
K=}
)
(T Y
T X O M = © =M - N -
| ¥ Z2 00« F 0o
2232853000
ooaNwWmaoao OO X
w L LY o 55
w w T
I
Gene Symbol

Figure 3. Selected transcript changes with four-hour isoflurane treatment of SH-SY5Y cells. Samples denoted
with an asterisk have p < 0.05 after normalization to two internal control (housekeeping) genes (HPRT and
GAPDH), with comparison between treated and untreated samples. Data are presented as mean =+ s.e.m. of
biological triplicate experiments, where p < 0.05 (denoted by*) was determined using a student’s t-test relative
to the control group (Analysis using Qiagen GeneGlobe Software).

cell model of CCHS (33Ala variant only)*. Parental SH-SY5Ycells (no exogenous Phox2B expression, for UPR
analysis) and Phox2B cell models (for effects on protein folding) were pre-treated for 48 hours prior to isoflurane
exposure (1.0 MAC, four hours), to allow for a full drug effect, and tested for attenuation of ER UPR components
involving translational arrest (PERK), oxidative protein folding (Erol), redox sensing and misfolded protein han-
dling (PDI) and unfolded glycoprotein handling (calnexin)*'. We found that all three compounds were variably
able to block/attenuate isoflurane effects on the ER UPR, although only ibuprofen was able to fully modulate
all four tested proteins (Suppl Fig. 4). However, none of the agents were able to attenuate isoflurane-induced
Phox2B aggregation, even with significant pre-incubation prior to isoflurane exposure. These findings show that
the induction of ER stress by isoflurane likely occurs after the initiation of protein misfolding, illustrating how
isoflurane may have a direct effect on protein structure.

Isoflurane Affects the Transport and Activity of CFTR. In our transcript and protein level analysis
of isoflurane effects on ER stress pathways, we observed an unexpected and specific effect on ER components
involved in glycoprotein folding and the handling of terminally misfolded glycoproteins. To determine if iso-
flurane could have a larger effect on the ability of glycoproteins to fold and function, we utilized a validated
cell model of the cystic fibrosis transmembrane conductance regulator (CFTR), a heavily glycosylated protein
known to rely significantly on ER function for folding, modification and activity at the cell surface*>. We found
that a four-hour exposure of the cell model to isoflurane (1.0 MAC) reduced cell surface functional expression
of the CFTR channel by 24.0% £ 0.3 (p < 0.05) and reduced peak chloride channel flux by 49.6% % 1.1 (p < 0.05)
(Fig. 5). Together, these findings indicate that isoflurane exposure affects the ability of CFTR to fold, transport
and perform its regular channel activity, and shows that isoflurane may have a clinically-significant effect on gly-
cosylated protein folding and function (Fig. 6).

Discussion

The incidence of post-operative cognitive dysfunction is suggested to be 10-40% of elderly patients undergoing
non-cardiac surgery, and is associated with increased permanent disability and mortality’=. The high occurrence
of the disease in the non-cardiac surgical population is important, as this population has a far lower risk of dis-
ease etiology being related directly to surgical factors (i.e. cardiac bypass, microemboli). Thus, the mechanisms
involved in POCD involve a combination of patient- and treatment-specific risk factors that can produce a last-
ing and/or permanent effect on memory and attention. Included in the patient factors is the presence or risk of
chronic neurodegenerative diseases***. In attempting to link anesthesia to the development or exacerbation of
chronic neurodegenerative disease, animal models of Alzheimer’s and Parkinson’s disease have shown mixed
results, possibly because these diseases are chronic and require years or decades of changes to cellular physiology
before overt pathology is observed. Gas anesthetics have been shown to increase certain pathologic indicators
(i.e. tau hyperphosphorylation)!®!131516 and induce the aggregation of disease-related proteins (i.e. amyloid and
huntington protein)!>!>1620 but causal studies in patients have more mixed results®¢7154%,

The report of anesthesia-induced aggregation of a neuronal transcription factor (Phox2B), and the precip-
itated onset of CCHS, has potentially offered insight into how anesthetic agents can affect neuronal function.
We have shown how the anesthetic gas isoflurane can induce Phox2B aggregation at clinically-relevant con-
centrations in the time span of a normal anesthetic (four hours), and that this aggregation matches what is seen
in CCHS patients. Inhaled anesthetic gases were previously shown to alter global protein stability and dynam-
ics, but instead of facilitating unfolding or aggregation, isoflurane was found to increase the thermal stability of
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Figure 4. Western blot analysis of proteins involved in ER stress and the UPR in SH-SY5Y cells. With four-hour
isoflurane exposure, alterations were seen to (A) calnexin, (B) PERK, (C) protein disulphide isomerase (PDI),
(D) Fbx06, (E) EDEMLI, (F) BiP and (G) Erol. Typical bands shown from biological triplicate experiments. All
results were p < 0.05 as determined by student’s t-test between control and isoflurane exposed samples.
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Figure 5. Effect of isoflurane on the trafficking and function of CFTR. Four-hour treatment of HEK cells
expressing wild-type CFTR results in a reduction of CFTR glycosylation and trafficking to the cell surface
(reduced ratio of cytosolic membrane (band C) to ER (band B) CFTR populations) (left) and a reduction in
the chloride channel activity of CFTR (right) (*denotes the addition of CFTR activator, “denotes the addition
of CFTR inhibitor). Typical bands shown from biological triplicate experiments. All results were p < 0.05 as
determined by student’s t-test between control and isoflurane exposed samples.
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CANX HERPUD1

calnexin ER stress-inducible, ubiquitin-like domain member 1
[Source:HGNC Symbol;Acc:1473] [Source:HGNC Symbol;Acc:13744]

CALR HSPA4

calreticulin heat shock 70kDa protein 4

[Source:HGNC Symbol;Acc:1455] [Source:HGNC Symbol;Acc:5237]

EDEM1 MBTPS1

ER degradation enhancer, mannosidase alpha-like 1
[Source:HGNC Symbol;Acc:18967]

EDEM3

ER degradation enhancer, mannosidase alpha-like 3
[Source:HGNC Symbol;Acc:16787]

EIF2AK3
eukaryotic translation initiation factor 2-alpha kinase 3
[Source:HGNC Symbol;Acc:3255]

ERO1L
ERO1-like (S. cerevisiae)
[Source:HGNC Symbol;Acc:13280]

GANAB
glucosidase, alpha; neutral AB
[Source:HGNC Symbol;Acc:4138]

membrane-bound transcription factor peptidase, site 1
[Source:HGNC Symbol;Acc:15456]

PDIA2

protein disulfide isomerase family A, member 2
[Source:HGNC Symbol;Acc:14180]

UGGT1

UDP-glucose glycoprotein glucosyltransferase 1
[Source:HGNC Symbol;Acc:15663]

UGGT2

UDP-glucose glycoprotein glucosyltransferase 2
[Source:HGNC Symbol;Acc:15664]

XBP1

X-box binding protein 1
[Source:HGNC Symbol;Acc:12801]
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Figure 6. Pathway analysis of isoflurane treated cells. The most significantly affected transcripts were used

to determine ER pathways that are affected by isoflurane treatment, highlighting the impact of isoflurane on
glycoprotein folding and quality control. Physical (blue) and genetic (red) interactions exist between identified
genes and proteins, showing how isoflurane affects protein folding and quality control networks. (Network
analysis and FDR performed using the GeneMania software)*s.

albumin. A control protein (myoglobin) was not affected in either dynamics or stability, indicating that protein
binding by isoflurane was at least partially specific, and not simply related to the hydrophobicity of the anesthetic.
Protein binding specificity was additionally verified by our finding that propofol, another highly hydrophobic
anesthetic agent, did not affect Phox2B subcellular localization or aggregation. This also shows that the effect
observed for isoflurane cannot be due to action at GABA-A, as both isoflurane and propofol activate this receptor
as part of their clinical action.

We could not measure the direct biophysical effect of isoflurane on Phox2B protein stability, as the protein
could not be overexpressed recombinantly (likely because the alanine repeat regions are highly hydrophobic, the
N-terminal paired-like homeobox region can be expressed in isolation). Previous reports indicate that isoflurane
exposure can induce aggregation of huntington protein and amyloid deposition, indicating a primary effect of
the gas on protein folding. Our finding that ER-modulating agents could attenuate ER stress pathways, but not
affect Phox2B aggregation, agrees with this assertion. The isoflurane effect on Phox2B aggregation far exceeded
what we observed with morphine, the latter only affecting the 30Ala variant, and to a smaller degree. Morphine is
known to promiscuously bind proteins, including mitochondrial respiratory complexes*, but has not been shown
to adversely affect protein stability.

A previous study has noted that inhalational anesthetics can induce ER stress and apoptosis in neuronal cells
and in fetal mouse brains*®. This study quantified only CHOP and BiP levels, without exploring more fully the
ER effects of gas anesthetics, but did find that the addition of a chemical chaperone reduced ER stress levels. In a
separate study using in vitro primary neurons, the ER-modulating effect of isoflurane was blocked by dantrolene,
implying a ryanodine receptor-mediated mechanism®. Isoflurane was also shown to disrupt intracellular calcium
homeostasis through actions on the inositol 1, 4, 5-triphosphate receptors®>>!. Our work expands this analysis,
describing isoflurane effects on the ER UPR and cellular transcriptional control, affecting other cellular proteins
that heavily rely on ER function (CFTR). Our work implies isoflurane has a much more specific mechanism than
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just broad calcium dysregulation associated with ryanodine and inositol 1, 4, 5-triphosphate receptor alterations,
with gross ER dysfunction and the induction of apoptosis, instead specifically affecting protein folding/aggrega-
tion, transcriptional control and the UPR (Fig. 6).

Activation of inflammatory pathways has been causally linked to POCD, and the ER UPR is associated with
both the innate immune response and general inflammation pathways®2. Anesthetic agents have been variably
linked to both increases and decreases in inflammation, depending on the tissue and the context of the investi-
gation, although most cases not involving endotoxin or infection-related inflammation indicate that anesthetic
gases increase inflammation. Matta et al. illustrated that inhalational anesthetics, like isoflurane, can specifically
increase neuroinflammatory pathways and increase pain sensation through upregulation of the TRPA1%. This
effect was direct, as isoflurane was found to bind to and activate TRPA1, and was more significant for isoflurane
over other anesthetics. In other clinical studies, gas anesthetics were found to increase inflammation in patients
undergoing hysterectomy®* and cholecystectomy® and gas anesthetics have been associated with lung inflamma-
tion and a reduction in post-operative lung function®, interesting in the context of our finding of reduced CFTR
function and translocation. Alterations to PERK have been postulated as a link between the UPR, inflammation
and chronic neurodegenerative disease, as inactivation of PERK was shown to reduce inflammation in models of
Alzheimer’s®”. We found significant alterations to PERK transcript and protein levels after isoflurane exposure,
perhaps providing a causal link between anesthesia, ER stress and chronic neurodegenerative disease.

In summary, we have shown how the neuronal transcription factor Phox2B is affected by anesthetic agents,
most significantly isoflurane, and shown how anesthesia could potentially precipitate the onset of CCHS.
Isoflurane induces aggregation of Phox2B, inducing ER stress and activating the ER UPR, including pathways
involved in glycoprotein handling (with alterations to CFTR trafficking and function). Our results show how
anesthetic agents could precipitate or exacerbate POCD and chronic neurological diseases through ER stress. We
found that agents known to promote ER function were able to attenuate isoflurane-induced ER stress pathways,
but were unable to eliminate the inciting incident, namely protein misfolding/aggregation. Our work suggests
a mechanism and a potential mitigating strategy for the neurological and cognitive effects of anesthesia in at
risk-populations, to reduce the incidence of POCD and the exacerbation of chronic neurodegenerative diseases
like Alzheimer’s and Parkinson’s.

Methods

Creation of Phox2B Constructs. Wild-type Phox2B sequence was taken from NCBI (NP_003915.2).
Additional alanine residues were added by mutagenic PCR by successively adding codons to complementary
primers (QuikChange Mutagenesis, Agilent). At each step, either two or three additional alanine codons were
present in the mutagenic primers to gradually build the 23Ala, 25Ala, 27Ala, 30Ala and 33Ala constructs.
Attempts to add more than two or three codons at a single step were unsuccessful, presumably because of the
high GC content of alanine codons and the resulting high melting temperature of the mutagenic primers. The
DNA sequence of the added codons was derived from the Phox2B sequence poly-alanine region, to maintain
the codon bias that exists in the endogenous coding sequence. After DNA sequence verification, each of the
coding sequences was placed into the pPDONR201 Gateway Entry Vector (ThermoFisher) using primers contain-
ing the attB1 and attB2 recombination sites, and then moved to a Gateway Destination pcDNA3.1 mammalian
expression vector with an N-terminal mCherry tag using standard Gateway Clonase methodology. Each con-
struct was transfected into SH-SY5Y cells using the Effectene chemical transfection reagent (Qiagen). Positive
clones were selected using the G418 antibiotic (300 pg/mL) over a period of three weeks. Cells were stained with
Hoechst33342 (Invitrogen) to identify nuclei, before live-cell imaging. Cells were imaged using an Olympus IX81
confocal microscope with a 40X objective lens and a C900-13 EM CCD (Hamamatsu Photonics), with Volocity
Software (Perkin-Elmer). Protein localization was determined by calculating the overlap of mCherry-Phox2B
with the nuclear Hoechst33342 staining, in an automated and unbiased manner using ImageJ (NIH). A Gaussian
filter was applied to each color channel of the images (blue for nuclei, red for mCherry-linked Phox2B), with
automated segmentation and calculation of a Pearson Coeflicient for each cell (object). A Pearson coefficient of
<0.5 between color channels was taken to represent cytosolic localization of Phox2B (significant Phox2B outside
the nucleus). Using this procedure, a minimum of 300 cells per condition, in biological triplicates, was analyzed.

Anesthesia and Drug Exposures. Gas anesthetic exposures were performed using a custom-built
Plexiglas chamber placed inside a standard cell culture incubator for temperature control. The chamber received
gas from a cylinder containing a mixture of 21% oxygen/5% carbon dioxide/74% nitrogen. An inline isoflu-
rane vaporizer (Cyprane) was used to maintain the required concentration of anesthetic gas in the carrier. An
exit port on the chamber sampled gas continuously to a gas analyzer (Datex-Ohmeda Capnomac), to ensure
the concentration of isoflurane, oxygen and carbon dioxide remained constant throughout the experiment. The
system was equilibrated at the desired isoflurane concentration and temperature (37° Celsius) before placing
cells in minimal media (DMEM) inside the chamber. For non-gas anesthetic exposures, propofol (pure, no
intralipid present) or morphine (preservative free)(both Sigma-Aldrich) were added to fresh minimal media
at the desired concentration, and pH (with 5% CO,) and temperature (37° Celsius) equilibrated before being
placed on the cells. For experiments involving chemical modifiers of the UPR and misfolded protein handling,
17-(Allyloamino)-17-demethoxygeldanamycin (17-AAG) (Sigma-Aldrich) was prepared at 1 mM stock solution
in DMSO and diluted in fresh complete media (DMEM +10% FBS) to a final concentration of 100 nM, curcumin
(Sigma-Aldrich) was prepared at 30 mM stock solution in ethanol and diluted in fresh complete media to a final
concentration of 8 1M, and ibuprofen (Sigma) was prepared at 50 mM stock solution in water and diluted in fresh
complete media to a final concentration of 10 WM. Therefore, the final concentration of DMSO or ethanol in any
experiment was less than 0.1%. In each case, cells were treated with one of 17-AAG/curcumin/ibuprofen for
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48hours prior to imaging or cell lysate collection for Western blot analysis. Complete media was utilized because
of the extended incubation of cells to the chemical modifiers (48 hours), avoiding any serum starvation effects.

Western Blot Analysis. Cells were harvested by scraping, before lysis in RIPA buffer (BioBasic) and clari-
fication by centrifugation. Total cell lysates (40 ug) were separated using SDS-PAGE (20%, w/v) and transferred
to a 0.2um PVDF membrane with the Bio-Rad Trans-Blot Turbo Transfer System. The membrane was blocked
for one hour with 5% skim milk in TBST buffer, followed by overnight incubation with the primary antibody in
TBST at 4° Celsius. The membrane was washed three times with TBST before incubation with a species-specific
horseradish peroxidase-linked secondary antibody for one hour at room temperature. Protein levels were
determined using the Enhanced Chemiluinescence System (GE Healthcare) scanned on the BioRad Gel-Doc
XRSystem (Bio-Rad). Antibodies used: anti-Erol, -calnexin, -PDI, -PERK and -BiP antibodies were obtained as
part of the ER Stress Antibody Kit (Cell Signaling, cat. 9956 T), anti-EDEM1 (Abcam, cat. ab200645), anti-Fbx06
(Abcam, cat. ab57058), anti-human CFTR NBD2-specific (amino acids 1204-1211) murine monoclonal antibody
596 (1:30,000, University of North Carolina at Chapel Hill, Chapel Hill, NC, Courtesy Cystic Fibrosis Foundation
Therapeutics){ CHIBAFALEK:1999¢y}. Secondary antibodies included Goat Anti-Mouse IgG (H+ L)-HRP
(Biorad cat. 1721011) and Goat Anti-Rabbit IgG (H+ L)-HRP (Biorad cat. 1721019).

Quantitative PCR Analysis. Total RNA was isolated from SH-SY5Y neurons using Qiagen’s RNeasy Mini
Kit (cat. 74104), with first strand cDNA synthesis using Qiagen’s RT2 First Strand Kit (cat. 330401). Changes
in ER stress-related transcript levels were analyzed using the RT2 Profiler PCR Array for the Unfolded Protein
Response (Qiagen cat. PAHS-089Z). qPCR analysis was performed using the C100 Touch Thermal Cycler-CFX96
Real Time PCR (Bio-Rad). All of the above was performed as per the manufacturer’s instructions. Analysis of
results, including significance of change, was performed using the GeneGlobe Software (Qiagen). Network anal-
ysis was performed using GeneMania®®. All results are the result of three biological replicates.

CFTR Function and Localization Assays. The creation of HEK cells expressing wild-type CFTR was
described previously*2. The CFTR functional assay was performed as previously described®. Briefly, cells were
read in black, clear bottom plates (Corning) in a fluorescence plate reader (SpectraMax i3; Molecular Devices)
at 37°C. After recording a baseline fluorescence (excitation: 530 nm, emission: 560 nm), CFTR was stimulated
using the cAMP agonist forskolin (10 uM; Sigma) with DMSO vehicle used as a negative control. CFTR-mediated
depolarization of the plasma membrane was detected as an increase in fluorescence. The assay was terminated
by the addition of the CFTR inhibitor CFTRinh-172 (10 uM; Cystic Fibrosis Foundation Therapeutics). Changes
in transmembrane potential were normalized to the measurement taken at the time of agonist (i.e., DMSO, or
forskolin) addition. CFTR trafficking (ER vs plasma membrane) was determined by quantifying the ratio of the
mature cytosolic membrane protein (“band C”) to the immature ER-localized form of the protein (“band B”),
using the Western blotting methods described above®.

Statistical Analysis.  All graphs were created and statistical analysis performed using Prism v7.0 (Graphpad
Software). For protein localization and Western Blot experiments, data are represented as mean = standard error
of the mean (s.e.m). With the exception of the gene expression and network analyses (which are described above),
statistical significance was defined as p < 0.05 and was calculated using a one-way ANOVA with a Dunnett’s
post-hoc test relative to the control (WT) group.

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References
1. Weiser, T. G. et al. An estimation of the global volume of surgery: a modelling strategy based on available data. The Lancet 372,
139-144 (2008).
2. Vutskits, L. & Xie, Z. Lasting impact of general anaesthesia on the brain: mechanisms and relevance. Nat. Rev. Neurosci. 17, 705-717
(2016).
3. Hovens, I. B. et al. Thinking through postoperative cognitive dysfunction: How to bridge the gap between clinical and pre-clinical
perspectives. Brain Behav. Immun. 26, 1169-1179 (2012).
4. Deiner, S. & Silverstein, J. H. Postoperative delirium and cognitive dysfunction. Br ] Anaesth 103(Suppl 1), i41-46 (2009).
5. Krenk, L., Rasmussen, L. S. & Kehlet, H. New insights into the pathophysiology of postoperative cognitive dysfunction. Acta
Anaesthesiol Scand 54, 951-956 (2010).
6. Moller, J. T. et al. Long-term postoperative cognitive dysfunction in the elderly ISPOCD1 study. ISPOCD investigators. International
Study of Post-Operative Cognitive Dysfunction. Lancet 351, 857-861 (1998).
7. Papon, M.-A., Whittington, R. A., Khoury, E. N. & Planel, E. Alzheimer’s Disease and Anesthesia. Front. Neurosci. 4 (2011).
8. Fodale, V., Santamaria, L. B., Schifilliti, D. & Mandal, P. K. Anaesthetics and postoperative cognitive dysfunction: a pathological
mechanism mimicking Alzheimer’s disease. Anaesthesia 65, 388-395 (2010).
9. Chen, Y. et al. Intranasal insulin prevents anesthesia-induced hyperphosphorylation of tau in 3xTg-AD mice. Front Aging Neurosci
6,100 (2014).
10. Dong, Y., Wu, X., Xu, Z., Zhang, Y. & Xie, Z. Anesthetic isoflurane increases phosphorylated tau levels mediated by caspase
activation and AQ generation. PLoS ONE 7, 39386 (2012).
11. Le Freche, H. et al. Tau phosphorylation and sevoflurane anesthesia: an association to postoperative cognitive impairment.
Anesthesiology 116, 779-787 (2012).
12. Tkeda, Y, Ishiguro, K. & Fujita, S. C. Ether stress-induced Alzheimer-like tau phosphorylation in the normal mouse brain. FEBS Lett.
581, 891-897 (2007).
13. Planel, E. et al. Acceleration and persistence of neurofibrillary pathology in a mouse model of tauopathy following anesthesia. FASEB
J23,2595-2604 (2009).
14. Whittington, R. A. et al. Propofol directly increases tau phosphorylation. PLoS ONE 6, e16648 (2011).
15. Perucho, J. et al. Anesthesia with Isoflurane Increases Amyloid Pathology in Mice Models of Alzheimer’S Disease. Journal of
Alzheimer’s Disease 19, 1245-1257 (2010).

SCIENTIFICREPORTS | (2018) 8:5275 | DOI:10.1038/s41598-018-23335-0 8



www.nature.com/scientificreports/

16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

40.
41.
42.
43.
44,
45.
46.

47.
. Komita, M., Jin, H. & Aoe, T. The Effect of Endoplasmic Reticulum Stress on Neurotoxicity Caused by Inhaled Anesthetics. https://

49.
50.
51.

52.
53.

54.
55.

56.

Eckenhoff, R. G. et al. Inhaled Anesthetic Enhancement of Amyloid-3 Oligomerization and Cytotoxicity. Anesthesiology 101,
703-709 (2004).

Krauss, J. K., Akeyson, E. W., Giam, P. & Jankovic, ]. Propofol-Induced Dyskinesias in Parkinson’s Disease. Anesthesia & Analgesia
83, 420 (1996).

Mastrangelo, G., Comiati, V., del’Aquila, M. & Zamprogno, E. Exposure to anesthetic gases and Parkinson’s disease: a case report.
BMC Neurol 13, 194 (2013).

Iselin Chaves, I. A., Grotzsch, H., Besson, M., Burkhard, P. R. & Savoldelli, G. L. Naloxone-responsive acute dystonia and
parkinsonism following general anaesthesia. Anaesthesia 64, 1359-1362 (2009).

Wang, Q. et al. The common inhaled anesthetic isoflurane increases aggregation of huntingtin and alters calcium homeostasis in a
cell model of Huntington’s disease. Toxicology and Applied Pharmacology 250, 291-298 (2011).

Mahfouz, A. K. M., Rashid, M., Khan, M. S. & Reddy, P. Late onset congenital central hypoventilation syndrome after exposure to
general anesthesia. Can ] Anaesth 58, 1105-1109 (2011).

Crawford, M. The paired-like homeobox 2B (PHOX2B) gene and respiratory control. Canadian Journal of Anesthesia/Journal
canadien d’ ... (2011).

Guyenet, P. G. The 2008 Carl Ludwig Lecture: retrotrapezoid nucleus, CO2 homeostasis, and breathing automaticity. ] Appl Physiol
105, 404-416 (2008).

Healy, F. & Marcus, C. L. Congenital central hypoventilation syndrome in children. Paediatr Respir Rev 12, 253-263 (2011).
Liebrechts-Akkerman, G. et al. PHOX2B polyalanine repeat length is associated with sudden infant death syndrome and unclassified
sudden infant death in the Dutch population. Int. J. Legal Med. 1-9, https://doi.org/10.1007/s00414-013-0962-0 (2014).

Amiel, J. et al. PHOX2B in respiratory control: lessons from congenital central hypoventilation syndrome and its mouse models.
Respir Physiol Neurobiol 168, 125-132 (2009).

Matera, 1. et al. PHOX2B mutations and polyalanine expansions correlate with the severity of the respiratory phenotype and
associated symptoms in both congenital and late onset Central Hypoventilation syndrome. ] Med Genet 41, 373-380 (2004).
Giangaspero, E, Schiavina, M., Sturani, C., Mondini, S. & Cirignotta, F. Failure of automatic control of ventilation (Ondine’s curse)
associated with viral encephalitis of the brainstem: a clinicopathologic study of one case. Clin. Neuropathol. 7, 234-237 (1988).
Weese-Mayer, D. E. et al. An Official ATS Clinical Policy Statement: Congenital Central Hypoventilation Syndrome. Am J Respir Crit
Care Med 181, 626-644 (2010).

Di Zanni, E. et al. In vitro drug treatments reduce the deleterious effects of aggregates containing polyAla expanded PHOX2B
proteins. Neurobiol Dis 45, 508-518 (2012).

Patwari, P. P. et al. Congenital central hypoventilation syndrome and the PHOX2B gene: a model of respiratory and autonomic
dysregulation. Respir Physiol Neurobiol 173, 322-335 (2010).

Lavezzi, A. M. et al. Developmental alterations of the respiratory human retrotrapezoid nucleus in sudden unexplained fetal and
infant death. Auton Neurosci 170, 12-19 (2012).

Wang, Q., Mosser, D. D. & Bag, J. Induction of HSP70 expression and recruitment of HSC70 and HSP70 in the nucleus reduce
aggregation of a polyalanine expansion mutant of PABPN1 in HeLa cells. Human molecular genetics (2005).

Wang, Q. & Bag, J. Induction of expression and co-localization of heat shock polypeptides with the polyalanine expansion mutant
of poly(A)-binding protein N1 after chemical stress. Biochemical and Biophysical Research Communications 370, 11-15 (2008).
Cole, G. M., Teter, B. & Frautschy, S. A. In The Molecular Targets and Therapeutic Uses of Curcumin in Health and Disease 595,
197-212 (Springer US, 2007).

Neckers, L. & Neckers, K. Heat-shock protein 90 inhibitors as novel cancer chemotherapeutics - an update. Expert Opin Emerg
Drugs 10, 137-149 (2005).

Carlile, G. W. et al. Ibuprofen rescues mutant cystic fibrosis transmembrane conductance regulator trafficking. J. Cyst. Fibros. 14,
16-25 (2015).

Heide, S. et al. Oncologic phenotype of peripheral neuroblastic tumors associated with PHOX2B non-polyalanine repeat expansion
mutations. Pediatr Blood Cancer, https://doi.org/10.1002/pbc.25723 (2015).

Armstrong, A. E., Mayer, D. W. & Mian, A. Treatment of neuroblastoma in congenital central hypoventilation syndrome with a
PHOX2B polyalanine repeat expansion mutation: New twist on a neurocristopathy syndrome - Armstrong - 2015 - Pediatric Blood
& Cancer - Wiley Online Library. Pediatric Blood & ... https://doi.org/10.1002/pbc.25572/full (2015).

Schleiermacher, G., Janoueix-Lerosey, I. & Delattre, O. Recent insights into the biology of neuroblastoma. Int. J. Cancer n/a-n/a
https://doi.org/10.1002/ijc.29077 (2014).

Oslowski, C. M. & Urano, F. Measuring ER stress and the unfolded protein response using mammalian tissue culture system. Meth.
Enzymol. 490, 71-92 (2011).

Trzcinska-Daneluti, A. M. et al. High-content functional screen to identify proteins that correct F508del-CFTR function. Mol Cell
Proteomics 8, 780-790 (2009).

Eckenhoff, R. G. & Laudansky, K. F. Anesthesia, surgery, illness and Alzheimer’s disease. Progress in Neuro-Psychopharmacology and
Biological Psychiatry 47, 162-166 (2013).

Arora, S. S., Gooch, J. L. & Garcia, P. S. Postoperative cognitive dysfunction, Alzheimer’s disease, and anesthesia. Int ] Neurosci 124,
236-242 (2013).

Chen, C.-W. et al. Increased risk of dementia in people with previous exposure to general anesthesia: a nationwide population-based
case-control study. Alzheimers Dement 10, 196-204 (2014).

Johansson, J. S., Zou, H. & Tanner, ]. W. Bound Volatile General Anesthetics Alter Both Local Protein Dynamics and Global Protein
Stability. Anesthesiology 90, 235-245 (1999).

La Monaca, E. & Fodale, V. Effects of anesthetics on mitochondrial signaling and function. Curr Drug Saf 7, 126-139 (2012).

doi.org/10.1213/ANE.0b013e3182a74773 (2013).

Wang, H. et al. Isoflurane induces endoplasmic reticulum stress and caspase activation through ryanodine receptors. Br ] Anaesth
113, 695-707 (2014).

Yang, H. et al. Inhalational anesthetics induce cell damage by disruption of intracellular calcium homeostasis with different
potencies. Anesthesiology 109, 243-250 (2008).

Wei, H. et al. The common inhalational anesthetic isoflurane induces apoptosis via activation of inositol 1,4,5-trisphosphate
receptors. Anesthesiology 108, 251-260 (2008).

Ma, Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401-426 (2013).

Matta, J. A. et al. General anesthetics activate a nociceptive ion channel to enhance pain and inflammation. Proceedings of the
National Academy of Sciences 105, 8784-8789 (2008).

Crozier, T. A. et al. Effect of anaesthesia on the cytokine responses to abdominal surgery. Br ] Anaesth 72, 280-285 (1994).

Ke, ].J. et al. A comparison of the effect of total intravenous anaesthesia with propofol and remifentanil and inhalational anaesthesia
with isoflurane on the release of pro- and anti-inflammatory cytokines in patients undergoing open cholecystectomy. Anaesth
Intensive Care 36, 74-78 (2008).

Jin, Y., Zhao, X., Li, H., Wang, Z. & Wang, D. Effects of sevoflurane and propofol on the inflammatory response and pulmonary
function of perioperative patients with one-lung ventilation. Exp Ther Med (2013).

SCIENTIFICREPORTS | (2018) 8:5275 | DOI:10.1038/s41598-018-23335-0 9


http://dx.doi.org/10.1007/s00414-013-0962-0
http://dx.doi.org/10.1002/pbc.25723
http://dx.doi.org/10.1002/pbc.25572/full
http://dx.doi.org/10.1002/ijc.29077
http://dx.doi.org/10.1213/ANE.0b013e3182a74773
http://dx.doi.org/10.1213/ANE.0b013e3182a74773

www.nature.com/scientificreports/

57. Stephens, G. S., You, J., Fu, C.-H. & Chin, J. 4.04 Molecular Mechanisms of Synaptic Plasticity and Memory and Their Dysfunction in

Alzheimer’s Disease¥< . Learning and Memory: A Comprehensive Reference 65-135, https://doi.org/10.1016/B978-0-12-809324-
5.21126-7 (2017).

58. Warde-Farley, D. et al. The GeneMANIA prediction server: biological network integration for gene prioritization and predicting
gene function. Nucleic Acids Res 38, W214-20 (2010).

59. Molinski, S. V., Ahmadi, S., Hung, M. & Bear, C. E. Facilitating Structure-Function Studies of CFTR Modulator Sites with Efficiencies
in Mutagenesis and Functional Screening. ] Biomol Screen 20, 1204-1217 (2015).

60. Molinski, S. V. et al. Genetic, cell biological, and clinical interrogation of the CFTR mutation ¢.3700 A > G (p.Ile1234Val) informs
strategies for future medical intervention. Genet Med 16, 625-632 (2014).

Acknowledgements

The authors would like to thank the members of the Department of Anesthesia and Pain Medicine at the Hospital
for Sick Children for the protection of research time for the study investigators. We would also like to thank Dr.
Daniela Rotin for use of the CFTR-expressing HEK cells and Dr. Christine Bear for her technical assistance with
CFTR assays. Funding was provided by The David Fear Fund at the Hospital for Sick Children and a grant from
the Rare Disease Foundation. ].T.M. would also like to thank the Wasser Family and SickKids Foundation as the
holder of the Wasser Chair in Anesthesia and Pain Medicine.

Author Contributions

M.C. performed analysis of expression constructs in mammalian cell systems after exposure to anesthesia. S.S.
and C.P. cloned the mammalian expression constructs and performed sequence validation. R.B.V. performed the
cellular imaging. E.R. performed the Western blotting analysis of ER stress pathways. PR. and S.A. performed
all of the CFTR experiments. ].T.M. and M.C. conceived the hypothesis and experimental design, prepared the
figures and wrote/edited the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23335-0.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5275 | DOI:10.1038/s41598-018-23335-0 10


http://dx.doi.org/10.1016/B978-0-12-809324-5.21126-7
http://dx.doi.org/10.1016/B978-0-12-809324-5.21126-7
http://dx.doi.org/10.1038/s41598-018-23335-0
http://creativecommons.org/licenses/by/4.0/

	Inhalational Anesthetics Induce Neuronal Protein Aggregation and Affect ER Trafficking

	Results

	Phox2B alanine expansions emulate CCHS clinical disease presentation. 
	Anesthetic agents promote Phox2B aggregation. 
	Isoflurane Induces ER Stress Pathways. 
	ER Modulation Reduces Isoflurane-Related ER Stress But Doesn’t Attenuate Protein Misfolding. 
	Isoflurane Affects the Transport and Activity of CFTR. 

	Discussion

	Methods

	Creation of Phox2B Constructs. 
	Anesthesia and Drug Exposures. 
	Western Blot Analysis. 
	Quantitative PCR Analysis. 
	CFTR Function and Localization Assays. 
	Statistical Analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 Subcellular localization of Phox2B variants in SH-SY5Y cells.
	Figure 2 Isoflurane affects Phox2B folding and subcellular localization in SH-SY5Y cells.
	Figure 3 Selected transcript changes with four-hour isoflurane treatment of SH-SY5Y cells.
	Figure 4 Western blot analysis of proteins involved in ER stress and the UPR in SH-SY5Y cells.
	Figure 5 Effect of isoflurane on the trafficking and function of CFTR.
	Figure 6 Pathway analysis of isoflurane treated cells.




