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ABSTRACT

Background: Previous studies suggest that sensory information is “received” but not “perceived” under general anesthesia.
g8 y g
Whether and to what extent the brain continues to process sensory inputs in a drug-induced unconscious state remain unclear.

Methods: One hundred seven rats were randomly assigned to 12 different anesthesia and odor exposure paradigms. The
immunoreactivities of the immediate early gene products c-Fos and Egrl as neural activity markers were combined with
behavioral tests to assess the integrity and relationship of cellular and behavioral responsiveness to olfactory stimuli under a
surgical plane of ketamine—xylazine general anesthesia.

Results: The olfactory sensory processing centers could distinguish the presence or absence of experimental odorants even
when animals were fully anesthetized. In the anesthetized state, the c-Fos immunoreactivity in the higher olfactory cortices
revealed a difference between novel and familiar odorants similar to that seen in the awake state, suggesting that the anesthe-
tized brain functions beyond simply receiving external stimulation. Reexposing animals to odorants previously experienced
only under anesthesia resulted in c-Fos immunoreactivity, which was similar to that elicited by familiar odorants, indicating
that previous registration had occurred in the anesthetized brain. Despite the “cellular memory,” however, odor discrimination
and forced-choice odor-recognition tests showed absence of behavioral recall of the registered sensations, except for a longer
latency in odor recognition tests.

Conclusions: Histologically distinguishable registration of sensory processing continues to occur at the cellular level under
ketamine—xylazine general anesthesia despite the absence of behavioral recognition, consistent with the notion that gen-
eral anesthesia causes disintegration of information processing without completely blocking cellular communications.

(ANEsTHESIOLOGY 2014; 120:890-905)

T remains a mystery whether and to what extent the . .
What We Already Know about This Topic

e \Whether and to what extent the brain processes sensory
inputs during general anesthesia remains unclear

brain in a drug-induced unconscious state, such as that

under general anesthesia, continues to process and ultimately
perceive sensory information. Electroencephalography mea-
surements under deep general anesthesia have shown that

cerebral cortices continue to respond to external stimuli

1,2 What This Article Tells Us That Is New

e The authors demonstrated that in rats anesthetized with ket-
amine and xylazine, odor presentation resulted in histologically
distinguishable registration of sensory processing, suggesting
that general anesthesia causes disintegration of information
processing but may preserve cellular communication

even during burst-suppression,’* suggesting that informa-

tion is still received in the cortices. However, empirically, it is

believed that an unconscious brain cannot process and inter-
pret external stimuli and that memories cannot be formed
under, or immediately after, general anesthesia.®* Human
experiences seem to suggest that a surgical plane of general
anesthesia produces a brain physiological state that is behav-

. . . . Lo . . first, developed on the basis of studies of somatosensory
iorally incompatible with conscious information processing,

learning, or memory formation. At the cellular level, how-
ever, these assertions have not been rigorously tested experi-
mentally. The global functioning of the brain in the clinical
state of general anesthesia remains poorly understood.

Two schools of thought have prevailed in recent years on
how general anesthesia might lead to unconsciousness. The

processes under general anesthesia, proposes that general
anesthetics block a thalamocortical “gate” by suppressing or
preventing the transfer of somatosensory information from
the periphery to the cerebral cortex.* The second theory con-
tends that it is not the thalamocortical switch but the disinte-

gration of information processing, particularly the disruption
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between the feed-forward and feedback loops and suppres-
sion of the feedback from the prefrontal cortex and parietal
association cortex to the occipital cortex, that is responsible
for the loss of consciousness (LOC).> Experimental evidence
supporting the second theory includes the observations that
electroencephalography, electrophysiology, and brain imag-
ing measurements continue to show cortical activation even
under anesthesia. It has been suggested that general anesthesia
is a state in which “information is received but not perceived.”

In this study, we investigated whether, and to what extent,
anesthetized brains can actually process external stimuli. We
chose to study the olfactory sensory system, in which the
thalamus and thalamocortical connection are not directly
involved. Three brain regions—the olfactory bulb (OB), the
anterior piriform cortex (APC), and the orbitofrontal cortex
(OFC)—are essential for olfactory processing. The OB is
the primary olfactory region for receiving sensory inputs and
then integrating and projecting the inputs to the secondary
olfactory processing regions, chiefly the APC where odorant
identity is encoded.” From there, the information is relayed to
the tertiary processing centers in the OFC. In this study, we
focused on the global responsiveness of the APC and the OFC
to sensory stimulations, as these regions are part of the higher-
order cortices responsible for perceiving olfactory information.
By quantifying the histological and behavioral registration of
well-defined olfactory events in rats under a surgical plane of
ketamine—xylazine general anesthesia, we determined whether
general anesthesia suppresses the level of input to the higher-
order olfactory processing centers and, more importantly, ana-
lyzed whether the discrimination and recognition of odorant
novelty are preserved under general anesthesia.

Materials and Methods

Experimental Design Principles

The experimental design of the current study took advan-
tage of two unique manifestations of olfactory processing in
rodents. The first is the ability of immediate early gene (IEG)
products to quantify the cellular registration of olfactory
stimulations.®? The second is the well-known behavioral
characteristic of rats to exhibit interest in, and consequently
explore for longer duration, novel odorants as compared
with familiar odorants. We created various binary olfactory
conditions to compare histological registration by IEGs and
behavioral recall of the very same olfactory event associated
with fully awake and fully anesthetized states. IEGs are a
class of rapidly and transiently activated genes. The immu-
noreactivity of the IEG products depends on the characteris-
tics of neural activities.'® Two extensively studied IEGs, egrl
and ¢-fos, were used in this study for their unique properties

as markers for neural activation!"!?

and information integra-
tion,!31% respectively. Specifically, c-Fos i ivi

, y. Specifically, c-Fos immunoreactivity
is known to rapidly respond to novel sensory stimulations,
with messenger RNA and protein levels detectable almost
immediately and peaking at approximately 30 min and 2h

after stimulation onset, respectively.16 Animals kept in an
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odor-invariant environment maintain a low and constant
basal c-Fos level. Therefore, c-Fos immunoreactivity can be
used as a proxy for mapping neuronal registration of novel
stimuli.>!”!® Quantitative comparisons were made for spe-
cific changes in behavior and in c-Fos immunoreactivity for
discrimination between familiar and novel odor stimula-
tions, and for recognition among familiar, novel, and previ-
ously anesthesia-paired odorants.

Animals

All animal-handling procedures were approved by the Insti-
tutional Animal Care and Use Committee of the University
of Pitesburgh, Pittsburgh, Pennsylvania. Age-matched, 7-week
old, male Sprague-Dawley rats were obtained from Harlan
Laboratories (Indianapolis, IN) and allowed to acclimate to
a double-barrier housing facility for a week before any experi-
ments. Animals were individually housed in airflow-regulated
cages to minimize incidental odor contamination and were
given food and water ad libitum. Animals were not deprived
of background odor during housing but utmost caution was
exercised to maintain a constant odor environment; even the
personal hygiene products used by the experimenters and a
dedicated animal caregiver were regulated and kept invari-
ant throughout the experimental periods. During the experi-
ments, the animal body temperature was carefully maintained
between 36° and 38°C to prevent hypothermia. We did not
measure other physiological parameters in the experimental
groups but instead closely monitored the physiological state
of all animals by using the same criteria for normal physiology
conditions as those found in other related studies in our labo-
ratory. Introducing invasive physiological measurements in
the experimental groups could introduce other confounding
effects to the analyses, particularly IEG variations. Sharing the
same physiological monitoring devices among different odor
exposure groups can compromise both the novelty of olfac-
tory cues and the integrity of the odor environment.

Experimental Groups

One hundred seven rats were randomly assigned to 12 experi-
mental groups in three different experimental sets, as defined
and color-coded in table 1. The group notations in the table
refer to the training/testing protocols. For example, “Odor/
Odor” refers to training with the experimental odorants and
testing with the same odorants (hence a familiar odor con-
dition), “Air/Odor” refers to training without experimental
odorants (Air) and testing with a novel odorant, and so on.
The number of rats (n) in each group ranged from 6 to 24,
determined by the power analysis on the basis of pilot stud-
ies. The complex design of 12 experimental groups provides
important controls to correlate c-Fos immunoreactivity to
novel odorant registration and to rule out any unforeseen
effects from animal handling or anesthesia pro cedure alone.
Two different odorant training protocols, termed repeated
or single session as depicted in figure 1, were used. The
first experimental set, consisting of groups 1 to 5 (38 rats),
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Table 1. Experimental Groups

Olfactory Sensory Process under General Anesthesia

Group Notation and Color Code* Description Training Testing n
1 Naive Naive control — — 8
2 Air/Odor Novel odor, awake Air Odor 7
3 Odor/Odor Familiar odor, awake Odor Odor 7
4 Novel odor, anesthetized Air Odor+Anes 8
5 Air/Air+Anes Anesthesia control Air Air+Anes 8
6 Sham control Air Air 6
7 Air/Odor Novel odor, awake Air Odor 6
8 Familiar odor, awake Odor Odor 7
9 Air+Anes/Odor Novel odor, after anesthesia Air+Anes Odor 6
10 Anesthesia-paired odor Odor+Anes Odor 6
11 Odor1/Odor1 and Odor2 Novel/Familiar recognition Odor1 Odor1 and Odor2 14
12 Odor1 +Anes/Odort and,Odor2 Novel/Anes-paired recognition Odor1+Anes Odor1 and Odor2 24

* For easy identification, the same notation and color code are used for bar graphs in figures 2, 3, 5, and 6. Groups 1-5 used “repeated training” protocol
and groups 6-12 used the “single-session” training protocol as shown in figure 1.

Anes = anesthesia.

used the repeated training protocol and was conducted over
a period of 8 days to establish the time dependence of the
animals’ habituation to both the experimental environ-
ment and experimental odorants. Group 1 received mini-
mal experimental manipulation to serve as the naive control
for histology. One day before the first training session, rats
in groups 2 to 5 were transferred to a clean training/test-
ing cage and allowed to acclimate to the experimental setup
for 30 min, during which the animals could freely interact
with an empty, capless, 1.5-ml Eppendorf tube (Eppendorf,
Hauppauge, NY) placed in the cage. On the following six
training days, rats were again transferred to a clean train-
ing/testing cage and acclimated to the environment having
an identical empty Eppendorf tube for 20 min. After the
20 min, videotaping was initiated and the empty Eppendorf
tube was replaced with either a new empty tube (group 2, 4,
and 5) or an odorant-containing tube (group 3). The animals
were allowed to freely interact with the Eppendorf tubes for
an additional 20 min. The same procedure was repeated

Repeated training
Single-session training
L T T T T T T T 1
0 1 2 3 4 5 6 7  (Days)

Fig. 1. A schematic representation of the two experimental
protocols used in the studies. In the repeated training proto-
col, animals were handled and acclimated to the experimen-
tal setup without experimental odorants for 30 min on day 0
(dotted bar), followed by 20min/day training with and with-
out experimental odorants (hashed bars) for 6 days, and then
tested on day 7 with the experimental odorants (solid bar).
In the single-session training protocol, animals were allowed
to acclimate to the experimental setup and environment for
3 days without exposure to experimental odorants (dotted
bars), followed by a single training session with or without
experimental odorants and with or without general anesthesia
(hashed bar), and tested 24 h later with or without the experi-
mental odorants and with or without general anesthesia (solid
bar). Various combinations of these conditions resulted in dif-
ferent experimental groups as defined in table 1.
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on the last (testing) day when animals in groups 2 and 3
received the odorant-containing tube, so that the odorants
were novel to group 2 and familiar to group 3. On the test-
ing day, groups 4 and 5 were anesthetized and then presented
with either odorants (group 4, novel odor under anesthesia)
or a new empty tube (group 5, anesthesia control).

The second experimental set consisted of groups 6 to 10
(31 rats), for which the single training protocol depicted in
figure 1 was used. This set of experiments was designed based
on the results of the first set showing that odor habituation
occurred in rats after a single 20-min exposure and that this
habituation lasted for more than 24 h. Five groups (group 6 to
10) of different training and testing conditions (table 1) were
investigated for detailed histological quantification and com-
parison, and for the odor habituation behavioral tests. The
animals were acclimated to the experimental environment
20 min/day for 3 days without being exposed to the experi-
mental odorants. They were then subjected to the behavioral
training or testing procedure (detailed in Behavioral Testing)
with either air (no odor) or a diluted novel odorant mixture,
followed by a 20-min exposure to air or the same but undi-
luted odorant mixture to solidify the training effects.

The third experimental set, consisting of groups 11 and
12 (38 rats), was designed for the forced-choice odor recog-
nition test.'”** One week after arriving at the housing facil-
ity, these rats underwent a 24-h familiarization period. Each
rat was handled for approximately 2 min, after which four
spherical wooden beads without experimental odor were
introduced into their home cage. The four control beads
remained in the home cage overnight so that the animals
became familiar with them. For preexposure to a specific
odorant 24 h before the odor recognition tests, the animals
were transferred to a clean cage where they were exposed to
odorant-containing Eppendorf tubes for 20 min.

General Anesthesia
A surgical plane of general anesthesia was achieved by
intraperitoneal injection of ketamine (100 mg/ml; Ketaset,
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Fort Dodge, IA) and xylazine (100 mg/ml, Anased; Lloyd
Laboratories, Shenandoah, IA). A high dose of anesthetics
was used to fully anesthetize the animals, with subsequent
booster injections given based on pilot studies to ensure
that animals were maintained at a surgical plane of anes-
thesia throughout the entire experimental period without
any chance of waking up during the odor exposure. Rats
were given an average dose of 154.2mg/kg of ketamine
and 20.6 mg/kg of xylazine over an approximately 30 min
period. We chose injectable ketamine—xylazine anesthesia
to avoid unwanted olfactory stimulation from pungent
inhalational anesthetic agents. Widely used in veterinary
medicine, the ketamine—xylazine combination is among
the safest and most easily managed injectable anesthetics.
For spontaneously breathing animals used in this study, ket-
amine anesthesia is considered one of the best choices for
its ability to decouple upper airway muscle function from
LOC, thereby stabilizing the airway potency during anes-
thesia.”""*? Anesthesia depth was reconfirmed by strong foot
pinches and/or tail clamping before any odor exposures.
Animals in the unanesthetized groups were handled in a
similar way with intraperitoneal administration of 0.3 ml
saline to mimic the anesthetic injection procedure.

Odorants

In a binary (novel vs. familiar) discrimination design, all
experiments, except in groups 11 and 12, used the same
odorant mixture. Because the odorant exposure is all or none,
relatively high odorant concentration was used for training,
‘The mixture was prepared and used in an identical fashion to
minimize any variations in odor concentrations at the time
of odor exposure among the groups of the same experimental
set. Although the APC and the OFC show no spatial pref-
erence and bias to odorants,?**> the OB is spatially segre-
gated.”® To achieve a ubiquitous bulbar activation, equal parts
of six different odorants were combined. They were: isoamyl
acetate, cineole, octanol, decanal, capronaldehyde, and R-(-)-
carvone. Aliquots of 35-pl odorant mixture from the same
stock were applied to a small cotton ball, which was then
placed in the bottom of a capless 1.5-ml Eppendorf tube.
Odor exposure experiments were conducted in a procedure
room away from the housing room by using a clean, stan-
dard rat cage inside a hard-ducted flow hood, which vented
directly to the exterior of the building to prevent incidental
odor exposure and to preserve odorant novelty. To introduce
odorants, an odorant-containing Eppendorf tube was placed
in the opposite corner of the cage from the rats and the ani-
mals were then allowed to freely interact with the tube. Dur-
ing the odor habituation behavioral testing (groups 6 to 10),
the Eppendorf tube containing 1:1000 diluted odorants was
placed inside a cartridge underneath a center port in a spe-
cially designed behavioral testing chamber, as described in
Behavioral Testing. For anesthetized animals, the distance
between the tube and the nose was manually varied to mimic
the awake situation with animal movements. During odorant
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exposure, the cage or the testing chamber was closed with a
transparent cover to retain the odorant within the cage. After
exposure, all animals were transferred to a clean cage with a
wire grid cover and vented for 15 min within the flow hood
to remove any residual odor. All anesthetized animals recov-
ered from anesthesia in a clean cage.

For the odor recognition test (groups 11 and 12), wooden
beads of 2.54cm in diameter with a 5.6-mm hole bored
through the middle (Woodworks Ltd., Haltom City, TX)
were individually coded and used. The scented beads were
produced by incubating the wooden beads overnight in a
sealed 50-ml Falcon tube (BD Biosciences, Bedford, MA)
with 100 pl of a pure odorant (diluted 1:10 in mineral oil)
injected into a cotton reservoir in the bottom of the tube.
Four different odorants (Sigma-Aldrich, St. Louis, MO) were
separately used: isoamyl acetate, decanal, R-(-)-carvone, and
ethyl butyrate. A plastic insert prevented beads from directly
contacting the scented oil. Any beads that came into direct
contact with the oil were discarded, so that the scent intensity
of a given odor was made as close as possible among all beads.
Pilot studies revealed that strongly scented beads were avoided
or investigated from a distance. Our method produced beads
with an odor intensity that was actively and directly investi-
gated by rats. Preferences for the four odorants were tested in
pilot studies by using different pairing combinations. Isoamyl
acetate and decanal were found to be almost equally preferred
by rats, judging by the time they spent exploring the beads.

Behavioral Testing

Odor Habituation Test. Our odor habituation test was a
modification of the odorant enrichment and discrimina-
tion protocol."! A custom-built 43.2cm x 43.2cm black
plexiglass floor was constructed to fit inside an open field
activity monitoring chamber of the same dimensions (model
ENV-515; Med Associates Inc., St Albans, VT). A remov-
able black plexiglass cartridge, 5.08cm in diameter, was
positioned in the center of the floor, and the circumference
of the cartridge was defined as the “odorant zone.” A 7.9-
mm diameter hole was bored in the center of the cartridge
as the only odor inlet into the chamber, allowing the ani-
mals indirect access to the odorant during the behavioral
tests. The cartridge lay flush to the floor such that the top
of the cartridge blended smoothly into the floor and was
not easily visible to the animals. The odorant source, hidden
from the view of animals, was placed inside the cartridge
underneath the floor. The black floor and a clear plexiglass
cover allowed low-light video recording from above. Animals
were habituated to the testing environment by being placed
in the chamber for 20 min every day for 3 days before the
training and testing. On the training or testing day, after a
15-min habituation period, an empty or odorant-containing
tube was placed underneath the central odor port. The rats
were allowed to freely interact with the environment for an
additional 5 min and their behavior for the entire period was
recorded. Familiarity with the odorant was determined by

Samuelsson et al.

20z Iidy 61 uo 3s8nb Aq Jpd $2000-0 00¥0¥L0Z/SSS¥9Z/068/7/0 L /4Ppd-8loie/ABojoISaYISaUER/W0D IBYDIBA|IS ZESE//:dJY WOl papeojumoq



the duration of smelling within the odor zone. Pilot studies
found that the rats typically avoided the central and most
open area of the chamber when no odor was present. This
avoidance is important as it deters any stationary position-
ing near the odorant zone. Video was acquired and analyzed
using Limelight automated tracking software (v3.0; Acti-
metrics, Wilmette, IL). Nose, body, and tail locations were
tracked, and the time during which the nose was within the
odor zone was quantified for the first 10, 30, and 100 s from
initial approach. Parallel to automated analyses, videos were
also scored manually for smelling behaviors by two evalua-
tors who were blinded to the experimental groups.

Odor Recognition Test. For the forced-choice odor recogni-
tion testing, we adapted a previously described protocol'*
for use with arbitrary odorants. Animals were allowed to
freely choose to smell four wooden beads; two beads were
scented and the other two were unscented. After a 24-h
bead familiarization period, the control beads were removed
from the cage. The testing session was conducted in the
animals’ home cages placed inside a hard-ducted hood that
vented directly to the exterior of the building. Each animal
was allowed to habituate to the environment for 10 min.
After habituation, the four familiarized control beads were
returned to the cage in a manner similar to the testing pro-
cedure. The rat was allowed to freely interact with the con-
trol beads for 5min, after which the beads were removed
and the animal left alone for an additional 5 min. Thereafter,
the animal was gently restricted to one end of the cage, and
two of the control beads were placed back in the cage along
with two scented beads. The four beads were placed in a row
(Odorant 1, Control, Control, Odorant 2) on the far side of
the cage approximately 2.54 cm from the cage wall. The two
scented beads were placed apart to avoid ambiguity in the
odor recognition. The rat was then released and allowed to
freely interact with the four beads for 5min. A video camera
was positioned outside the clear plastic cage to record the
animal’s interaction with each bead. The left—right positions
of the two scented beads were reversed between trials. Rats
were preexposed to one of the two odor choices 24 h ear-
lier while awake or under anesthesia. Adding two unscented
beads, instead of using only two scented beads, is known to
increase the sensitivity and reliability of the test.!”

Two evaluators blinded to the experimental groups assessed
the videos acquired during the behavioral task. The time spent
smelling the beads was assessed for the first 30 and 60 s after
the animal approached any bead. Latency to approach was also
assessed and capped at 30 s. Smelling behavior (bead-directed
sniffing, rearing) within 2-3 cm of the bead was scored. Time
spent chewing, rolling, or playing with beads did not count
toward smelling duration. Smelling duration over all beads
was summed and the time spent smelling each bead was repre-
sented as a percentage of the total smelling time to normalize
for innately shy or inquisitive animals.
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Olfactory Sensory Process under General Anesthesia

Immunohistochemistry

Animals were sacrificed for histology 2 h after the final odor
or air exposure on the testing day. IEG protein production
usually peaks at 2h. Animals were perfused with a solution
of 4% paraformaldehyde in phosphate-buffered saline (PBS;
pH 7.0). Brains were postfixed overnight and cryoprotected
in a 30% sucrose/PBS solution with 0.01% sodium azide
as a preservative. Sections that were 50 um (groups 1 to 5)
and 30 pum (groups 6 to 10) in thickness were generated
using a sliding microtome (Leica Biosystems, Buffalo Grove,
IL) equipped with a freezing stage (Physitemp Instruments,
Inc., Clifton, NJ). Rabbit polyclonal antibodies against
c-Fos (1:5,000; Calbiochem, Billerica, MA) and Egrl
(1:10,000; Cell Signaling, Danvers, MA) diluted in donkey
blocking buffer (PBS with 10% donkey serum and 0.2%
Triton X-100) were separately incubated with free-floating
sections overnight at 4°C. Sections for 3,3’-diaminoben-
zidine (Sigma-Aldrich) labeling were washed with PBS
and then incubated with a biotinylated goat secondary
antibody (1:1,000 in donkey blocking buffer; Dako, Car-
pinteria, CA) for 2h at room temperature, followed by an
avidin—peroxidase wash (1:1,000 in donkey blocking buffer;
Sigma-Aldrich) for 1 h. Enzymatic reaction with 3,3’-diami-
nobenzidine was performed until sections reached optimal
darkness (1 to 3min). Sections for fluorescent microscopy
were washed with PBS after treatment with primary anti-
bodies and incubated with Alexa Fluor 594 and/or 488-con-
jugated secondary antibodies (1:500; Invitrogen, Carlsbad,
CA) in the dark. Sections were costained with the nuclear
marker 4’,6-diamidino-2-phenylindole  (Sigma-Aldrich),
washed, and mounted onto slides using fluoromount-G
mounting medium (Southern Biotech, Birmingham, AL).

Quantification

Two different quantification methods were used. In the
OB where odorant-induced neural activation is spatially
organized, counting of the total number of IEG-positive
cells in the entire bulbar substructures is required. Stere-
ology, which uses a statistical approach to provide three-
dimensional quantification based on cell counting in equally
spaced two-dimensional optical dissectors, is the most suit-
able method.”~* In the APC and the OFC where spatial
segregation does not occur, cell density measurement is the
most straightforward and reliable approach. Staining was
imaged using an Olympus IX-81 microscope equipped with
a Prior motorized stage (Prior Scientific, Rockland, MA), a
monochrome Hamamatsu ORCA-ER camera (Hamamatsu,
Bridgewater, NJ) and a color Retiga 2000R (QImaging, Sur-
rey, BC, Canada) peltier-cooled charge-coupled-device cam-
era. Images were acquired and analyzed using Image-Pro Plus
software (Media Cybernetics, Bethesda, MD) with automatic
stage control capability. Macros for Image-Pro software for
optical fractionator and optical dissectors® in stereological
analyses were obtained from Dr. Michael King’s laboratory
at the University of Florida College of Medicine, Gainesville,
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and were used to quantify IEG-positive cells in each region.*

OB sections at +7.9mm and +9.1mm from bregma and
every sixth section in the APC and lateral OFC (from bregma
+3.2mm to +3.8mm)3!3? were quantified and used to esti-
mate the positive cell number in the OB, APC, and OFC.
The cell density quantification method in the APC and OFC
was compared with, and cross-validated by, stereology by
using the relative between-group ratios from the correspond-
ing groups. For fluorescence staining sections (from bregma
+3.Imm, +3.3mm, and +3.5mm), images were acquired
under identical settings, screened by a fixed size, and uni-
formly quantified using the threshold segmentation method.

Statistical Analysis

The GraphPad (GraphPad Software, Inc., La Jolla, CA) and
SPSS (IBM Corporation, Armonk, NY) programs were used
for statistical analysis. Although our experimental design
consisted of two independent variables (i.e., brain regions
and odorant types), a priori known differences in cell num-
ber, cell density, and physical sizes of the brain regions and
subregions excluded the use of two-way ANOVA. There-
fore, one-way ANOVA was used to determine a significant
overall difference, followed by least significant difference or
Tukey post hoc analysis for intergroup comparison. To ana-
lyze the behavioral data with the repetitive training protocol,
repeated-measures ANOVA with Bonferroni post hoc test
was used. To estimate the number of animals needed for the
first two sets of experiments (groups 1 to 5 and groups 6 to
10), the power analysis was performed for a P value of 0.05
and a power of 0.8 based on a typical ¢-Fos within-group
counting variation of approximately 17% in the pilot studies
to detect at least a 30% difference between groups. For the
forced-choice odorant recognition test (groups 11 and 12),
we focused on detecting a difference between a true novel
odorant and an anesthesia-paired odorant in a two-tailed #
test design for an effect size of 0.85 and a power of 0.8. A
P value less than 0.05 was considered statistically significant.

Results

Novelty of Olfactory Sensory Input Gan Be Quantified by
c-Fos Immunoreactivity

To establish the time-dependent odorant responses and to
determine whether IEG immunoreactivity in the primary
olfactory reception region can differentiate novel from famil-
iar odorants, we quantified the total number of c-Fos* and
Egr1* cells in the entire granule cell layer and mitral layer of
the OB by using stereology. As shown in figure 2, the ani-
mals having repeated odorant exposures 20 min/day for 7
days (familiar odorant group, n = 7) produced significantly
lower c-Fos immunoreactivity in the OB than those that
were handled similarly but only received the experimental
odorants on the testing day (novel odorant group, n = 7).
Both groups showed increased c-Fos and Egrl immunore-
activities in the OB compared with the naive controls (n =
8). The increase in Egrl immunoreactivity, however, did not

Anesthesiology 2014; 120:890-905 895

differentiate whether the odorants were novel or familiar, sug-
gesting that the olfactory sensory inputs were the same in the
novel- and familiar-odorant groups. This is consistent with
previous findings that the egr/ gene activation reflects syn-
aptic events,>>¢ with the Egrl expression profile correlating
with neural activity measured by 2-deoxyglucose labeling and
optical imaging.'” In comparison, c-Fos immunoreactivity
does not simply echo neural activities, but relies on infor-
mation integration and consolidation. The contrast between
Egrl and c-Fos supports the notion that the difference seen
in the c-Fos immunoreactivity is indeed specific to odor nov-
elty. One-way ANOVA with respect to odor exposure (novel,
familiar, or naive) showed a significant difference among
groups for both ¢-Fos and Egrl immunoreactivities. The least
significant difference post hoc comparison showed that c-Fos
immunoreactivity levels were significantly different between
novel- and familiar-odorant groups in the granule cell layer
and the mitral layer (P < 0.001 in both regions), but the dif-
ference between the familiar-odorant group and the naive
control was not statistically significant. Egrl immunoreactiv-
ity showed no difference between novel- and familiar-odorant
groups, but both groups were significantly different from the
naive control (P < 0.05 in granule cell layer and P < 0.01
in mitral layer). Thus, exposures to experimental odorants
caused a general increase in Egrl immunoreactivity and an
odor novelty—specific increase in c-Fos immunoreactivity in
the primary olfactory reception regions. Egrl reflected olfac-
tory sensory input levels without discriminating animals’
familiarity with the odorants, whereas c-Fos immunoreactiv-
ity differentiated novel- from familiar-odorant responses.

High Olfactory Cortices Continue to Register Olfactory
Inputs under General Anesthesia

We next investigated the IEG registration of olfactory
stimulations under a surgical plane of general anesthesia.
The anesthetic dose used to achieve and maintain general
anesthesia was not statistically different among anesthetized
groups. We focused our analyses on the consolidation of sen-
sory inputs in the APC and OFC because identification and
differentiation of odorants in these higher olfactory cortical
regions underlie the cellular basis of olfactory perception.” It
is generally believed that perception is the important sensory
attribute that is suppressed by general anesthesia. We deter-
mined whether rats in a fully anesthetized state could con-
tinue to register novel odorants by robust increase of c-Fos
immunoreactivity as in conscious rats. Figure 3, A and B,
depicts representative c-Fos and Egrl immunoreactivity in
the APC and OFC, respectively, in response to novel odor-
ants in the awake (group 2, Air/Odor) and fully anesthetized
(group 4, Air/Odor+Anes) states, as compared to naive con-
trol without experimental odorants (group 1) and anesthesia
control (group 5). It is clearly evident that novel odorants,
when presented to a fully anesthetized animal, continue to
elicit robust c-Fos immunoreactivity in the APC (fig. 3C)
and OFC (fig. 3D), even though the reception of olfactory
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Fig. 2. Registration of olfactory sensory information by the immediate early gene products, c-Fos and Egr1, in the olfactory bulb
(OB). Representative diaminobenzidine staining of c-Fos (A, B) and Egr1 (C) in the granule cell layer (GCL, lightly shaded area in
the top row) and mitral layer (ML, the dark band of stained cells immediately to the right of the dashed lines) of the OB of rats ex-
posed to novel (Air/Odor) or familiar odorants (Odor/Odor), or in the naive control. Row B shows the zoom-in views of rectangle
areas in row A. Positively stained cells appear as dark brown. Arrowheads in the zoom-in views mark only a few examples of
c-Fos positive cells. The green squares, in which cell counting was performed, were generated by optical dissectors for stereol-
ogy. Comparison of immunoreactivity of c-Fos (D) and Egr1 (E) in the GCL and ML of the OB as quantified by the stereological
analysis. White bars, naive control (group 1); light-blue bars, novel odorants (Air/Odor, group 2); and light green bars, familiar
odorants (Odor/Odor, group 3). Data were taken from the first experimental set by using the repeated training protocol depicted
in figure 1. *, **, and *** indicate significant differences (P < 0.05, P < 0.01, and P < 0.001, respectively) between groups (ANOVA
with the least significant difference post hoc test). Egr1 = early growth response protein 1.

sensory inputs to these high cortices, as reflected in Egrl
immunoreactivity (fig. 3, E and F), has been attenuated to
a level comparable with that of anesthesia alone without the
experimental odor stimulations.

Detailed quantification of ¢-Fos and Egrl immuno-
reactivities in the APC and OFC was also performed for
groups 6 to 10. Because the APC is known to have no

23,24

spatial preference in response to odorants*>** and usually

receives olfactory inputs from the entire OB without bias,?
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the sensory processing in the APC, and subsequently in
the OFC, is best quantified by c-Fos* cell densities (fig.
3, G and H) without subdividing these higher-order cor-
tical regions. We validated the cell density quantification
method by performing stereology in a subset of animals to
confirm that the two quantification methods led to identi-
cal conclusions. Key comparisons and a complete list of
statistics of ¢-Fos immunoreactivity in the APC and OFC
from post hoc multiple comparisons are given in table 2. The
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Fig. 3. Registration of olfactory sensory processing by c-Fos immunoreactivity under a surgical plane of general anesthesia.
Representative images of c-Fos and Egr1 immunolabeling in the anterior piriform cortex (A) and the orbitofrontal cortex (B) of
rats from 4 of the 12 experimental groups as defined and color coded in table 1. Positively stained cells appear as dark brown;
a few examples of c-Fos positive cells are marked by arrowheads. The bar graphs show quantifications of c-Fos (C, D, G, H)
and Egr1 (E, F) immunoreactivity by stereology (C—F) and by c-Fos positive cell density (G, H) measurements in the anterior
piriform cortex (C, E, G) and the orbitofrontal cortex (D, F, H). The same notations and color code as in table 1 are used. *,
**, and *** indicate statistical significance P < 0.05, P < 0.01, and P < 0.001, respectively, based on the least significant dif-
ference post hoc comparisons. See table 2 for other statistics. Scale bar = 50 um. Anes = anesthesia; Egr1 = early growth

response protein 1.

comparison between group 2 (novel odorants, awake, Air/
Odor) and group 4 (novel odorants under general anesthe-
sia, Air/Odor+Anes) shows that the c-Fos immunoreactiv-
ity elicited by novel odorants is not significantly different
in the APC between fully awake and fully anesthetized
animals. In both the APC and OFC, the novel odorant—
induced increase in c-Fos immunoreactivity under anesthe-
sia (group 4) is significantly higher than that elicited by the
anesthesia alone (no experimental odorants) in group 5 (P
=0.005 in the APC and P = 0.008 in the OFC). Moreover,
there is no significant difference in c-Fos immunoreactiv-
ity between group 7 (novel odorants awake, Air/Odor)
and group 9 (novel odorants awake, 1 day after anesthesia,
Air+Anes/Odor), suggesting that pretreating animals with
ketamine-xylazine anesthesia 24 h before testing did not
alter c-Fos response to novel odorants. Thus, despite the
attenuated sensory input as reflected in Egrl immunore-

activity (fig. 3, E and F), c-Fos in the APC and OFC can

Anesthesiology 2014; 120:890-905

still “record” novel experimental odorants under a surgi-
cal plane of ketamine—xylazine general anesthesia with a
robustly increased c-Fos immunoreactivity.

The Ability to Differentiate Novel from Familiar Odorants
by c-Fos Is Preserved in Higher Cortices under General
Anesthesia

To further differentiate whether the c-Fos registration of
odorants under general anesthesia represents certain forms
of high-order processing such as recognition of odor novelty,
we further investigated (1) whether the ability to differenti-
ate the binary condition between novel and familiar odor-
ants by c-Fos, as shown in figure 2 for the OB, was preserved
in the higher cortices, and (2) whether reexposing animals to
“novel” odorants, to which they had been previously exposed
only under a surgical plane of general anesthesia, would fail
to increase c-Fos immunoreactivity as if odorants were of
“familiar” type.
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Table 2. Comparisons of c-Fos Immunoreactivity between Key Groups*

Groups Compared

Naive VS.
Naive VS. Air/Air+Anes
Air/Odor VSs. Naive
Air/Odor Vvs.
Air/Odor VSs. Air/Air+Anes
Air/Air+Anes Vs.

Vs. Air/Odor

vs.

vs. Air+Anes/Odor

vs.

vs. Air/Odor

VvSs. Air+Anes/Odor

vs.

VvSs. Air/Odor

Vs. Air+Anes/Odor
Air+Anes/Odor Vs. Air/Odor

Anterior Piriform Cortex Orbitofrontal Cortex

0.000 0.000
0.023 0.291
0.000 0.000
0.275 0.000
0.000 0.000
0.005 0.008
0.001 0.014
0.410 0.214
0.028 0.151
0.771 0.085
0.000 0.000
0.014 0.003
0.264 0.562
0.004 0.000
0.125 0.009
0.148 0.261

* Selected statistics from the least significant difference post hoc multiple comparisons among groups within each experimental set as defined and color-
coded in table 1. Statistically significant values (P < 0.05) are shown in boldface.

Anes = anesthesia.

As revealed by comparison between groups 7 (Air/Odor)
and 8 (Odor/Odor) in table 2 and in figure 3, G and H, c-Fos
immunoreactivity is significantly different between novel and
familiar odorant stimulation in both the APC (P = 0.004)
and the OFC (P < 0.001). Group 8 suggests that a single
20-min training with novel odorants was sufficient to alter
the subsequent c-Fos immunoreactivity in conscious rats,
as these rats did not respond to the second exposure with
increased c-Fos activation. In fact, c-Fos immunoreactivity in
group 8 is indistinguishable from the sham control (group
6). Behavioral testing discussed later in the article supported
the conclusion that after a 20-min training with the experi-
mental odorants, rats became behaviorally familiar with the
odorants, and this behavioral familiarity lasted for more
than 24h. Interestingly, group 9 (Air+Anes/Odor), which
received novel odorant stimulations 24h after general anes-
thesia, showed significantly higher c-Fos immunoreactivity
than group 8 in the OFC, suggesting that the ability of c-Fos
immunoreactivity to differentiate characteristic response to
novel and familiar odorants is preserved in this high corti-
cal region. Moreover, the distinction is also maintained after
a surgical level of general anesthesia. We therefore conclude
that c-Fos immunoreactivity in the secondary and tertiary
olfactory processing cortices can continue to differentiate and
register novel odorant stimulations under general anesthesia.

To further substantiate this conclusion, one of the most
stringent tests is to compare group 10 (Odor+Anes/Odor)
with other groups, particularly with group 8 (Odor/Odor) and
group 9 (Air+Anes/Odor). In group 10, animals were exposed
to novel odorants for 20 min only when they were fully anes-
thetized. They were then tested 24 h later with the same odor-
ants while awake. If the same odorants can no longer produce
increased c-Fos response after the second exposure because the
animals had “smelled” the odorants under general anesthesia,

Anesthesiology 2014; 120:890-905

then the results would be more consistent with the “familiar-
type” c-Fos immunoreactivity as seen in group 8.

The data in table 2 and in figure 3, C, D, G, and H,
reflect a pattern that is consistent with the conclusion that
novel odorants presented to rats under ketamine—xylazine
general anesthesia were successfully registered in the higher
olfactory cortices and that the same odorants presented to
the same rats again while they were awake elicited a reduced
c-Fos immunoreactivity similar to that by familiar odorants.
Could the reduction in c-Fos immunoreactivity after the
second exposure in group 10 result from any unforeseen
effects from anesthesia? The answer is no, because the simi-
larly high level of c-Fos immunoreactivity in group 7 and
group 9 confirmed the absence of any delayed effects from
anesthesia procedures alone on histological registration of
odor novelty. Hence, the same extent of c-Fos immunore-
activity reduction in group 10 as in group 8 can only be
interpreted as an indication that a single 20-min exposure
to novel odorants rendered the odorants unable to re-elicit
c-Fos increase, even when the first exposure was given
under a surgical plane of general anesthesia (also, compare
the c-Fos immunoreactivity changes between group 7 and
group 8 in the absence of anesthesia, and between group
9 and group 10 in the presence of anesthesia). The c-Fos
immunoreactivity in group 10 was essentially the same as
that elicited by air as in group 6 or by the familiar odorants
as in group 8. These results confirmed that the odorant nov-
elty was positively recognized and histologically registered
in the higher olfactory cortices under a surgical plane of
general anesthesia. The data from group 10 also provide the
direct experimental evidence of “unconscious cellular learn-
ing,” that is, novel stimuli can alter the subsequent represen-
tation of the same stimuli without the stimuli first entering
a conscious state.
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Majority of c-Fos* Cells Elicited by Novel Odorants

Are Neurons

We also determined the cell types of the c-Fos* cells. We
performed fluorescence colocalization with double stain-
ing against c-Fos and NeuN, a marker for mature neurons.
Brain sections from animals in groups 2 (novel odorants,
awake), 4 (novel odorants, anesthetized), and 5 (anesthesia
alone without experimental odorants) were stained. Repre-
sentative images are shown in figure 4. Quantitative analyses
revealed that the vast majority of c-Fos* cells are also NeuN
positive. In the APC, 98.7, 96.3, and 91.0% of c-Fos* cells
are neurons in groups 2, 4, and 5, respectively, whereas in
the OFC, the percentages are 97.5, 97.3, and 87.6% for the
three groups, respectively. It is important to point out that
there is essentially no difference in cell type distribution of
c-Fos* cells elicited by novel odorants, whether the animals
were fully anesthetized or not.

We further addressed whether different subtypes of
neurons were specially involved in odorant-induced c-Fos
activation. Specifically, we determined whether a different
ratio of excitatory and inhibitory neurons was involved in
the c-Fos immunoreactivity in the awake and anesthetized
states. We double-labeled brain sections from groups 2, 4,
and 5 with antibodies against c-Fos and GADG67, a marker
for inhibitory neurons. Across all groups, only 3.2+0.3%
of c-Fos* cells were also positive for GADG67 in the APC. A
slightly greater percentage (7.6+0.5%) of c-Fos'/GAD67*
cells were found in the OFC. Again, we found no differ-
ence between groups 2 (novel odorants, awake) and 4 (novel
odorants, anesthetized). Interestingly, the anesthesia control
group (group 5) had a significantly higher (P < 0.05) per-
centage of c-Fos*'/GADG7* cells in the APC than the novel
odorant group (group 7), but significantly fewer c-Fos*/
GADG7" double-labeled cells in the OFC, suggesting that

APC

c-Fos / Neun

odorants and anesthesia might activate different popula-
tions of cells.

Olfactory Events Registered under General Anesthesia
Cannot Be Behaviorally Recalled

The registration of olfactory input as reflected in the
novelty-specific c-Fos immunoreactivity clearly indicates that
sensory processing at the cellular level in the higher cortices
is not completely ablated by a surgical level of ketamine—xyl-
azine general anesthesia. This raises an important question as
to whether the clearly definable registration of information
at the cellular level can be recalled by the animals. We carried
out behavioral testing with the animals (table 1).

An intriguing discovery of this study is the possible dis-
sociation between histological and behavioral manifestations
of the same sensory processes. Despite unambiguous histo-
logical registration and differentiation of novel from familiar
olfactory events under general anesthesia, the behavioral
testing did not fully mirror the c-Fos results. Representative
traces of snout paths in the testing chamber and the aver-
age time that animals spent smelling the odorants during
the first 30 s after approaching the odorants are depicted
in figure 5, A and B. With the repeated training protocol
(groups 2 and 3), we found that the rats became behaviorally
habituated to the experimental odorants after only a single
exposure and showed little interest in exploring the same
odorants from the second exposure onward (fig. 5C). Like-
wise, our single-session training protocol, which eliminates
potential side effects from repeated anesthetic exposures in
the anesthetized groups, provides the same contrast to differ-
entiate behavioral phenotypes in the memory recall of vari-
ous olfactory events.

Quantitative analyses of the behavioral data (fig. 5, D
and E) showed a significant difference among groups 6

OFC

Fig. 4. Representative fluorescent micrographs of c-Fos (red) and NeuN (green) double-staining in (A) anterior piriform cortex
(APC) and (B) orbitofrontal cortex (OFC). Corresponding NeuN images are shown in (C) and (D), respectively, for better identifica-
tion of neurons. Scale bar = 50 um. NeuN = neuronal nuclear protein.
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Fig. 5. Odor habituation tests to discriminate behavioral phenotypes toward novel and familiar odorants. Behavioral familiarity
with the odorants was assessed by duration of odorant investigation time. (A) Representative images of rat body traces from
groups 6 through 10 during the 15-min acclimation phase without odorants in the central cartridge. (B) Snout traces generated
within the first 100 s after initial approach to the odorant zone during the test. (C) Time course of 7-day repeated behavioral tests
of odor habituation, attenuation, and discrimination showing that odorant habituation occurs after a single exposure. Plotted are
odorant investigation times of animals in groups 2 and 3 over the repeated training and test days. * indicates significant difference
(P < 0.05, repeated-measures ANOVA with Bonferroni post hoc test). (D) Time course of smelling responses on the acclimation,
single-session training, and testing trials. Smelling duration was determined by the time during which snout was within the odor-
ant zone scored automatically for the first 30 s after initial approach to the zone. (E) Data on the testing day in (D) are summarized
in bar graph representation. All symbols and colors are identical to those in figure 3, G and H and table 1 for easy comparison.
Data were derived from the same animals as in figure 3, G and H. * Significant difference (P < 0.01) relative to a novel odorant ex-
posure without anesthesia (blue bar); T significant effect (P < 0.01) relative to a novel odorant exposure given 24 h after anesthesia
(purple bar) or to the second exposure to the anesthesia-paired odorants (gray bar). Notice that the gray bar is not different from
the blue and purple bars, in sharp contrast to the histology results in figure 3, G and H. ANES = anesthesia.
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to 10 (one-way ANOVA, P < 0.001). Tukey post hoc test
revealed two distinct behavioral phenotypes. A second
exposure to the same odorants (group 8) produced an
attenuated behavioral response relative to a single exposure
(significant difference in odor exploration time between
groups 7 and 8; P < 0.01). Importantly, rats in group 10
(exposed to novel odorants under anesthesia and then
tested 24 h later with the same odorants while awake) spent
almost the same amount of time exploring the odorants
during the test as the rats that were exposed to the odor-
ants for the first time, indicating that these rats could not
recall the first exposure under general anesthesia. No sig-
nificant difference was found between group 7 (Air/Odor)
and group 9 (Air+Anes/Odor), between group 7 and group
10 (Odor+Anes/Odor), and between group 9 and group
10, but these three groups were significantly different
(P < 0.01) from the sham (group 6) and familiar odorant
group (group 8). In other words, even though the animals
in group 10 exhibited a characteristic of c-Fos immunore-
activity for familiar odorants in the second exposure, they
explored the odorants significantly longer than the animals
in group 8, as if the odorants were completely new to them
during the second exposure (fig. 5E). When the behavioral
data were scored manually for smelling behaviors instead
of automatically tracing the nose in the odorant zone, we
arrived at the same conclusion no matter whether the data
were analyzed for the first 10 s or first 100 s after animals
approaching the odorant zone.

In addition to the habituation test to differentiate novel
from familiar odorants, we also used the established forced-
choice odor recognition procedure to test whether animals
could recognize an arbitrary but pure odorant among four
possible choices (groups 11 and 12). Among the four

choices were wooden beads with a truly novel odor and
a previously experienced odor (experienced either awake
or under general anesthesia 24 h earlier) along with two
additional wooden beads of identical appearance but with-
out experimental odors. In a counterbalanced design, we
analyzed whether subtle preference existed for the truly
novel odorant over the anesthesia-paired odorant. In pilot
experiments, we first determined animals’ preferences for
different odorants and found that isoamyl acetate (banana
scent) and decanal (citrus scent) were similarly preferred
by rats.

As shown in figure 6, animals spent significantly more
time smelling a novel odorant than a familiar odorant
(fig. 6A; P < 0.001) and the other two unscented choices
(P <0.001). Consistent with the habituation behavioral test,
these results indicate that the odorant discrimination task is
a robust measure of odorant recognition even with two unre-
lated odorants, and that rats display clear familiarity with
the odorant experienced 24h earlier. However, when the
second odor choice was a previously anesthesia-paired odor-
ant, the animals showed no significant difference in choosing
the truly novel odorant over the anesthesia-paired odorant
in terms of total smelling time (fig. 6B; P = 0.31, although
there is a slight trend in favor of the true novel odorant).
This suggests that the animals were unable to recall the pre-
vious experience with the anesthesia-paired odorant, again
consistent with the behavioral results from the habituation
test described above. Interestingly, when the latency of first
approach to any choice was analyzed in the forced-choice
odor recognition test, we found that the latency was signifi-
cantly longer (P < 0.0001) when anesthesia-paired odorant
was among the four choices (fig. 6C). This result provided
indirect evidence implicating certain forms of “hidden”
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Fig. 6. Forced-choice odor recognition tests. After 24-h familiarization with four odorless wooden beads in their home cages,
animals were presented with four beads in a row, of which two outer beads were scented and two center beads were odorless.
(A) Smelling duration on each bead is scored as a percentage of total smelling time when the two scented beads were a truly
novel odor and a familiar odor exposed 24 h earlier while animals were awake. (B) Smelling duration on each bead is scored as
a percentage of total smelling time when the two scented beads were a truly novel odor and an anesthesia-paired (Anes-Paired)
odor exposed 24 h earlier while the animals were fully anesthetized. (C) Latency of approach to beads is compared between
forced choice for (A) and forced choice for (B). The odorants used as novel, familiar, or anesthesia-paired and their positions as
outer-left or outer-right were counterbalanced. Data from the third experimental set (groups 11 and 12). * and *** indicate signifi-

cant difference P < 0.05 and P < 0.0001, respectively.
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memory for the anesthesia-paired odorant, causing the ani-
mals to hesitate in their approach.

Discussion

Sensory Processing under General Anesthesia

We showed that behavioral LOC and cellular registra-
tion of sensory information are distinct and separable pro-
cesses. An important discovery is that the neural processing
involved in recognizing sensory novelty continues to occur
in a drug-induced unconscious brain. Equally intriguing is
the lack of behavioral recall of this process, except for the
approach latency in the odorant recognition test. Although
recordings in various sensory cortices have documented
that olfactory, visual, somatosensory, auditory, or gustatory
inputs are still received and odor habituation and discrimi-
nation are measurable in individual neurons under general
anesthesia,”’ % recognizing and discriminating the nature of
sensory inputs and further consolidating input information
under general anesthesia are not expected and have not pre-
viously been demonstrated experimentally in the high-order
olfactory system. This study is unique in that we created an
odorant-learning condition under a surgical plane of gen-
eral anesthesia and subsequently evaluated and compared
cellular registration and behavioral recall in a wakeful state,
as demonstrated in groups 9 and 10. Our observation that
ketamine—xylazine anesthesia can reduce sensory input
while still allowing cellular registration in the higher olfac-
tory cortices suggests a previously unknown phenomenon
that can be termed “anosmiolfaction,” similar to blindsight
in the visual system. The latter refers to well-documented
observations that blind subjects with severely damaged pri-
mary visual cortex can still perceive unseen stimuli involving
higher cortical functions.!

The mechanisms of general anesthesia at the systems
level remain elusive. Blocking thalamocortical connectivity*?
or disintegrating cortical feed-forward and feedback cou-
pling®# has been suggested. C-fos activation in response to
various well-controlled experimental conditions in this study
suggests that sensory inputs are both received and possibly
processed under anesthesia, particularly considering that
novel odorants experienced under ketamine—xylazine gen-
eral anesthesia could later only trigger c-Fos responses simi-
lar to that by familiar stimuli. Thus, at least for the olfactory
system where thalamus involvement is limited and indirect,
our results suggest that ketamine—xylazine general anesthe-
sia disrupts the integrity of sensory information processing
without necessarily blocking information flow to the higher
cortices, thus favoring information disintegration as a sys-
tems mechanism of general anesthesia.

Sensory Reception versus Perception and Consolidation

Differentiating reception and perception under general anes-
thesia is important. Dependence of egr/ and c¢-fos activa-
tion on neural activities has long been established.®> Unlike
Egrl, which responds to the presence of sensory input, c-Fos
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immunoreactivity depends more on input novelty than
intensity, suggesting a top—down regulation. Indeed, pat-
terns of 2-deoxyglucose labeling and c-Fos immunoreactivity
often do not match.“ Centrifugal afferent lesions can signifi-
cantly reduce bulbar c-Fos immunoreactivity without affect-
ing 2-deoxyglucose response.47 Likewise, unilateral locus
ceruleus lesions produce a widespread cortical c-Fos reduc-
tion ipsilateral to the lesion without changes in electroen-
cephalography.®® However, if top—down input is maintained,
even with unilateral naris closure to block external input,
odor stimulation in rodents can still produce robust bulbar
c-Fos immunoreactivity both contralateral and ipsilateral to
the closure.”” Thus, the ability of c-Fos immunoreactivity
in the APC and OFC to detect and discriminate the pres-
ence and novelty of experimental odorants under ketamine—
xylazine general anesthesia, even when basic sensory input
was suppressed as reflected by the decreased Egrl immuno-
reactivity (fig. 3, E and F), indicates a process beyond that of
simple sensory reception.

Does the c-Fos registration of olfactory events under
general anesthesia represent a form of memory consolida-
tion? While many studies have already established the causal
relationship between c-Fos activation and memory forma-
tion,’*>! the disagreement between c-Fos immunoreactivity
and behavioral data (compare the gray bars in fig. 3, G and
H with that in fig. 5E) requires further explanation. Several
possibilities can be considered: (1) The c-Fos immunore-
activity in our study might merely mark the onset, not the
completion, of memory consolidation. In this case, olfactory
information is preserved but anesthesia causes anterograde
amnesia, leading to animals inability to recall an incomplete
memory. This scenario is rather unlikely because if consolida-
tion were incomplete, the second exposure to the same odor
in the conscious state would conceivably lead to a different
level of c-Fos immunoreactivity for more complete consolida-
tion. (2) Long-term olfactory memories might not be stored
in the OB, APC, or OFC. Consequently, the lack of corre-
lation between odorant-induced c-Fos immunoreactivity in
these territories and the behavioral recall upon reintroducing
the anesthesia-paired odorants may simply indicate a break-
down in information processing distal to the OFC. (3) The
histological and behavioral discrepancy may also suggest that
“pure” olfactory memory cannot be formed, namely, odor-
ants cannot be remembered without being coregistered and
associated with other cognitive properties (such as taste, tex-
ture, efc.) processed by other brain regions. The hippocam-
pus, basolateral amygdala, and hypothalamus are heavily
involved in memory and learning, including that related to
olfactory stimuli.”* Olfactory memory might require certain
attachment to other entities to be recalled. Using odor habit-
uation as a measure, it was demonstrated®® that if an odor was
paired with stimulation of locus ceruleus and noradrenaline
release, the stimulation-paired odor could be recognized 24 h
later even when pairing occurred under anesthesia. Without
locus ceruleus stimulation, no behavioral recall was observed,
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consistent with our results. Thus, if anesthesia interferes with
integration or synchronization of information processing
among different brain regions or disrupts association between
olfactory and other processing centers, behavioral recall may
be impaired. (4) The registration of sensory information
under general anesthesia might be fragmented and incoher-
ent. The threshold might be lower to trigger changes in c-Fos
immunoreactivity than to achieve a complete recall. This
scenario is consistent with a recent chronic two-photon cal-
cium imaging study by Kato e a/.,>* which showed that the
olfactory sensory representations in the OB are influenced
differently by the wakeful and anesthetized states. Specifically,
granule cells, a major class of y-aminobutyric acid (GABA)
ergic inhibitory interneurons, had significantly lower spon-
taneous and odor-evoked cell activities under urethane anes-
thesia. This is counterintuitive because urethane is known to
strongly potentiate GABAergic current.”> As a consequence
of lower inhibitory input, mitral cell activities—both in
cell number and in intensity—were found to be more pro-
nounced in the anesthetized state than in the wakeful state.
The increase in mitral cell density of odor representations,
as the authors asserted, broadens “the odor tuning of mitral
cells” and reduces the efficiency of odor coding.’* Thus, it is
possible that the anesthetized state is a state with too much
information for the encoded information to be meaningful.
In other words, the information consolidation under general
anesthesia, as reflected in c-Fos immunoreactivity, might
produce a “hidden” or “broadened” memory that cannot be
detected by the current odor habituation test but nevertheless
is implicated by the latency in the forced-choice odor recog-
nition test. More refined protocols for behavioral testing to
ascertain memory consolidation under general anesthesia, or
the lack thereof, will be needed. (5) It is tempting to specu-
late that if odorants are perceived under general anesthesia,
their characteristics might be distorted. In other words, if
anesthesia alters the percept of odorant X to that of odorant
Y without changing the registration for odorant X, the sec-
ond exposure to odorant X would be histologically registered
as “familiar,” but behaviorally as novel. Conscious animals
would perceive odorant X as X, which is not in line with the
previously distorted percept.

Implications of State of Mind under Anesthesia

Our results have rather interesting implications for the study
of consciousness. The relationship and interdependence
between visual attention and awareness (or orienting) as a
cortical-thalamic network model of consciousness have
engendered much debate.’*® Our study addresses a sensory
system divorced from the cortical-thalamic network, yet we
discovered potential implicit or “hidden” learning of novel
stimuli that alter both the representation and sensitivity of
subsequent c-Fos responses without the stimuli first enter-
ing consciousness. Although olfactory attention is difficult
to measure and the current behavioral testing is not sensitive
enough to detect olfactory awareness of cellular “memory,”
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our data nevertheless indicate an interesting scenario where
the physical entity (c-Fos registration) of stimuli and the
“qualia” of the same stimuli can be separated and are unlikely
to be one and the same process.

Consideration of Anesthetic Choice

Our choice of ketamine—xylazine anesthesia requires com-
ment. Several studies showed that mitral cell firing was not
different under ketamine—xylazine anesthesia and pento-
barbital or urethane anesthesia.3¥%5%% At low concentra-
tions, ketamine is a so-called dissociative anesthetic, and its
action is mediated by antagonizing the N-methyl-p-aspartate
receptor. At high concentrations, the ketamine (100 mg/kg)
and xylazine (5 mg/kg) combination was found to suppress
o, P, and y waves and increase O oscillations, resembling
the electroencephalographic pattern in slow-wave sleep or
unconsciousness under GABA type A receptor-mediated
anesthesia.®! Moreover, xylazine is a centrally acting sedative
and ketamine—xylazine anesthesia reduces energy consump-
tion in the frontal and cingulate cortices, basal forebrain,
and hippocampus,®! indicating LOC in a classical sense.
Although recent studies, including high-resolution struc-
tural studies,®? have elucidated the possible ketamine action
on pentameric ligand-gated ion channels including GABA
type A receptors®® and neuronal acetylcholine receptors,®4©°
it is important to emphasize that our results should not be
extrapolated to imply that other general anesthetics with
putative actions on GABA type A receptors or acetylcholine
receptors would produce the same effects as discovered in
this study. Further in-depth experimental investigations with
other general anesthetics are still required before our conclu-
sion can be generalized.

Clinical Relevance and Conclusion

In this study, all endpoints essential for clinical anesthesia
and behavioral LOC were reached and the classical defini-
tion of unconsciousness was met, yet we discovered that
higher-order sensory processes continue to occur in behav-
iorally unconscious brains. This discovery, however, should
not be misconstrued as indicating awareness under general
anesthesia. There are still many unknowns about the state
of the mind under anesthesia that require further investiga-
tions in humans. For example, what exactly do the surrogate
measures in the clinical monitors of anesthesia depth truly
indicate if higher-order sensory processing is partially main-
tained? Will the cellular registration of a novel sensory input
under general anesthesia make the learning of the same
sensory input more difficult later in an awake state given
that some level of cellular registration has occurred? With
the ability to investigate histology and behavior in the same
animals, our study revealed a fundamental disconnection
between neural registration and behavioral reporting of the
same sensory information under general anesthesia, which
requires future clinical validation.
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