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N E U R O S C I E N C E S A N D N E U R O A N A E S T H E S I A

Inhibition of p75 neurotrophin receptor does not rescue

cognitive impairment in adulthood after isoflurane

exposure in neonatal mice
J. M. Schilling1,2, A. Kassan1,2, C. Mandyam1,3, M. L. Pearn1,2, A. Voong1,2,
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Anesthesiology, University of California, San Diego, La Jolla, CA, USA and 5Department of Cellular & Molecular
Medicine—Sanford Consortium for Regenerative Medicine, University of California, San Diego, La Jolla, CA,
USA

*Corresponding author. E-mail: bhead@ucsd.edu

Abstract

Background: Isoflurane is widely used for anaesthesia in humans. Isoflurane exposure of rodents prior to post-natal day 7
(PND7) leads to widespread neurodegeneration in laboratory animals. Previous data from our laboratory suggest an attenu-
ation of apoptosis with the p75 neurotrophin receptor (p75NTR) inhibitor TAT-Pep5. We hypothesized that isoflurane tox-
icity leads to behavioural and cognitive abnormalities and can be rescued with pre-anaesthesia administration of TAT-Pep5.
Methods: Neonatal mouse pups were pretreated with either TAT-Pep5 (25 ll, 10 lM i.p.) or a scrambled control peptide
(TAT-ctrl; 25 ll, 10 lM i.p.) prior to isoflurane exposure (1.4%; 4 h) or control (n¼15–26/group). Three to 5 months after expos-
ure, behavioural testing and endpoint assays [brain volume (stereology) and immunoblotting] were performed.
Results: No significant difference was observed in open field, T-maze, balance beam or wire-hanging testing. The Barnes
maze revealed a significant effect of isoflurane (P¼0.019) in errors to find the escape tunnel during the day 5 probe trial, a
finding indicative of impaired short-term spatial memory. No difference was found for brain volumes or protein expression.
TAT-Pep5 treatment did not reverse the effects of isoflurane on neurocognitive behaviour.
Conclusion: A single isoflurane exposure to early post-natal mice caused a hippocampal-dependent memory deficit that
was not prevented by pre-administration of TAT-Pep5, although TAT-Pep5, an inhibitor of p75NTR, has been shown to re-
duce isoflurane-induced apoptosis. These findings suggest that neuronal apoptosis is not requisite for the development of
cognitive deficits in the adults attendant with neonatal anaesthetic exposure.
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Isoflurane is a volatile agent that is widely used for anaesthesia
in humans. Recent experimental studies indicate that exposure
to isoflurane and other anaesthetics such as midazolam, nitrous
oxide, sevoflurane, propofol, thiopental, and ketamine during
post-natal day 7 (PND 7) leads to widespread neurotoxicity.1–2

This neurotoxicity appears to be limited to this period of devel-
opment since isoflurane does not produce neurotoxic effects at
PND 15, yet does alter synaptic plasticity that persists up to 4
weeks after exposure3.

It is postulated that neonatal exposure to anaesthetics results
in neurocognitive and behavioural abnormalities during adoles-
cence and adulthood.2 Previous data from our laboratory show
apoptosis in developing primary neurones and in the hippocam-
pus from neonatal mice (PND 5–7) upon exposure to isoflurane.4

This injury was mediated by preferential signalling of proBDNF
via p75 neurotrophin receptor (p75NTR). Importantly, proBDNF–
p75NTR signalling also plays a key role in propofol-induced neur-
onal degeneration.5 Neurodegeneration induced by isoflurane
and propofol was almost completely prevented by administration
of the p75NTR inhibitor TAT-Pep5. Moreover, neurones from
p75NTR knockout mice were not vulnerable to propofol neurotox-
icity. Expression of p75NTR in neurones from p75NTR�/� mice
recapitulated vulnerability to propofol toxicity.5 These data sug-
gested that a common mechanism of toxicity, which links
proBDNF–p75NTR signalling to downstream RhoA activation and
actin depolymerization, might be relevant to both volatile and i.v.
anaesthetic developmental neurotoxicity.6

Given the efficacy of p75NTR inhibition in preventing anaes-
thetic-induced neurodegeneration, we hypothesized that
isoflurane-mediated behavioural and cognitive abnormalities in
mice during adulthood could be ameliorated with prophylactic
administration of TAT-Pep5 prior to isoflurane exposure. To ad-
dress this question we investigated the effects of a single iso-
flurane exposure at PND 5–7 on cognitive and behavioural
function in C57Bl/6J mice 3–5 months after exposure.7 We uti-
lized measures of general behaviour to complement the Barnes
maze platform test to assess learning and memory in the con-
text of anaesthetic neurotoxicity.8–14

Methods

All studies performed on animals were approved by the Veterans
Affairs San Diego Institutional Animal Care and Use Committee
(IACUC) and conform to relevant National Institutes of Health
guidelines. Mice were handled and habituated as described.12

Mice

Male and female C57Bl/6J mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA) and bred in a monogamous

breeding scheme to produce offspring. On a daily basis, the
presence of new offspring was assessed and the gender of the
pups determined.13 On the day of the experiment, mouse pups
received a toe tattoo for future identification and were random-
ized (by use of a random number generator) to one of four
groups. PND 5–7 male pups were exposed to either isoflurane
(1.4%; 4 h continuous exposure) in a 40% oxygen/air mix with a
30-min pretreatment with either a p75NTR inhibitor (TAT-Pep5;
25 lL of 10 lM, Calbiochem) or corresponding scrambled control
peptide (TAT-ctrl; 25 lL of 10 lM, Calbiochem) administered i.p.,
or a 40% oxygen/air mix alone with either TAT-Pep5 or TAT-ctrl
(n¼ 16–27/group). The temperature in the incubator was main-
tained at 37 �C. Behavioural testing took place at 3–5 months of
age by observers without knowledge of the group allocation.
Upon conclusion of behavioural testing, group allocation, which
was kept by an individual not associated with the study, was re-
vealed to the group of investigators who had conceptualized
and conducted the study.

Open field activity test

Open field activity is a useful and simple test first described by
Hall14 that assesses basic activity and general behaviour/anx-
iety. Locomotion was recorded and analysed by computerized
video-tracking system software (XT 7.1, Noldus, Wageningen,
The Netherlands) software. Animals were habituated to the
testing room, then spontaneous locomotion was assessed in a
white Plexiglas open field box (41 � 41 � 34 cm) for 10 min.
Recorded parameters were velocity (cm sec�1), time spent in the
centre of the arena (represented by 50% of the total arena; sec),
and zone transitions.

Wire-hanging test

The wire-hanging test measures the ability of mice to hang on a
metal wire.15 The metal wire is elevated 40 cm above a soft sur-
face to prevent physical trauma to the mice. Latency to fall was
timed and the test was repeated three times with an intertrial
interval of 30 s.

Balance beam test

In the beam-walking test, mice traverse an elevated, narrow
beam to reach a platform.16 The protocol measures foot slips
while crossing the beam.

Continuous alternating T-maze (T-CAT) test

The continuous alternating T-maze test was used to assess cog-
nitive ability; this enclosed apparatus is in the form of a T
placed horizontally. Mice are started from the base of the T and
allowed to choose one of the goal arms abutting the other end
of the stem. Two trials are given in quick succession; on the se-
cond trial the mouse tends to choose the arm not visited before,
reflecting memory of the first choice, termed ‘spontaneous al-
ternation’. We assessed this tendency in a test with 14 possible
alternations as previously described .12 17 18

Barnes maze test

The Barnes maze (BM)19 was designed for testing spatial learn-
ing and memory.20 The BM is preferred over the Morris water
maze to assess spatial memory in mice, taking advantage of
their superior abilities to find and escape through small holes
while minimizing the motor-dependent component in the task.

Editor’s key points
• Exposure of neonatal mammals to general anaesthetics

can produce widespread neurodegeneration, but its con-
tribution to subsequent cognitive dysfunction is
unclear.

• Treatment of neonatal male mice with an inhibitor that
can prevent neuronal death did not prevent delayed
cognitive dysfunction following exposure to isoflurane.

• Isoflurane-induced cognitive dysfunction can be dissoci-
ated from its apoptotic effects, which suggests that
other mechanisms are involved.
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With the BM, animals receive reinforcement to escape from an
open platform surface through a tunnel into a small, dark, re-
cessed chamber (‘target box’) located under the platform. We
adopted our test protocol according to a previously published
model.21 Mice were trained for four trials per day for 4 days.
Trials were separated by 15–30 min. After each trial, the entire
maze was cleaned with 70% ethanol and the maze was rotated
to eliminate the use of intramaze cues. Trials were recorded
using a computerized tracking/image analyser system
(Ethovision XT 7.1, Noldus). Errors were defined as nose pokes
and head deflections over any hole that did not have the tunnel.
One day after the acquisition phase, mice received a probe trial
for 90 s to check short-retention memory. During probe trial the
tunnel leading to the target box was closed.

Stereology

Stereological assessment of hippocampal and prefrontal three-
dimensional cortical volume was performed according to the
Cavalieri principle.22 Briefly, bilateral volume measurements
were estimated from two pairs of prefrontal cortical sections
(3.24 and 2.76 mm from the bregma) and 4 pairs of hippocampal
sections (�1.3, �2.0, �2.3, �3.5 mm from the bregma) on the
basis of surface area measurements made from two-dimen-
sional coronal brain sections. Measurements were obtained
with a Zeiss Axio Imager microscope equipped with Stereo
Investigator software (MicroBrightField, Colchester, VT, USA), a
three-axis Mac 5000 motorized stage (Ludl Electronics Products,
Hawthorne, NY, USA), a Zeiss MRc digital video camera, periph-
eral component interface (PCI) colour frame grabber, and com-
puter workstation.

Immunoblotting

Hippocampal tissue (50–100 mg) was homogenized using a car-
bonate lysis buffer (500 mM sodium carbonate, pH 11.0) contain-
ing protease and phosphatase inhibitors.23 Lysates were
sonicated on ice three times for 15 s each. Protein was quanti-
fied and normalized to the Bradford assay. Samples were run on
4–12% Bis-Tris gels (Life Technologies). After transfer to polyvi-
nylidene fluoride membranes, samples were incubated over-
night with primary antibodies for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Cell Signaling, #2118S, 1:1000), PSD-95
(Cell Signaling, #2507S, 1:1000), and synaptobrevin (Abcam,
#ab18013, 1:1000) and conjugated to species-specific secondary
antibodies and horseradish peroxidase. Densitometric analysis
(arbitrary units) was conducted as previously described.23

Statistical analysis

Statistical analysis was performed using Prism 6 (GraphPad
Software, La Jolla, CA, USA) and SPSS Statistics version 22 (IBM,
Armonk, NY, USA). Column statistics were used to assess the
distribution of the data, and outliers were identified with Rout’s
method (Q¼ 1%). Data were then analysed with either a two-
way analysis of variance (ANOVA) or repeated measure two-
way ANOVA and Tukey’s test for post hoc comparisons. A power
analysis for the behavioural experiments was performed with
G*Power software (Heinrich Heine University, Dusseldorf,
Germany)24 for a two-way ANOVA with an effect size f¼ 0.4,
a¼ 0.05, 1 � b¼ 0.8, and dfn¼ 1 for four groups. This calculation
resulted in a suggested minimal total sample size of 52 mice (13
mice per group). Data are presented as mean (SD). Significance
was assumed when a< 0.05 and 1 � b¼ 0.8.

Results
Open field activity

Two-way ANOVA was conducted to compare the effects of p75NTR
inhibition (TAT-Pep5 vs TAT-ctrl) treatment with anaesthetic ex-
posure (isoflurane vs ctrl) (all groups n¼ 16–27). No difference be-
tween treatments was observed in the open field paradigm.
Specifically, no difference was found for p75NTR inhibitor
(p75NTR-inh), isoflurane, or p75NTR-inh � isoflurane interaction
for velocity (cm s�1) (Fig. 1b) [TAT-Pep5: F (1,87)¼ 0.77, P¼ 0.63; iso-
flurane: F (1,87)¼ 3.37, P¼ 0.07; interaction: F (1,87)¼0.23, P¼ 0.63],
time spent in the centre of the arena (s) (Fig. 1c) [TAT-Pep5: F
(1,87)¼ 2.55, P¼ 0.11; isoflurane: F (1,87)¼ 0.43, P¼ 0.51; interaction:
F (1,87)¼ 0.01, P¼ 0.92], and zone transitions (Fig. 1d) between the
periphery and centre [TAT-Pep5: F (1,87)¼0.024, P¼ 0.878; isoflur-
ane: F (1,87)¼ 0.05, P¼ 0.83; interaction: F (1,87)¼ 0.04, P¼ 0.84].

Continuous alternating T-maze

Two-way ANOVA was conducted to compare the effects of
p75NTR-inh (TAT-Pep5 vs TAT-ctrl) treatment with anaesthetic
exposure (isoflurane vs ctrl) (all groups n¼ 16–27). No difference
between treatments was observed in the T-CAT for p75NTR-inh,
isoflurane, or p75NTR-inh � isoflurane interaction (Fig. 1e)
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exploratory performance measured by the balance beam, wire-hanging

test, open field, and continuous alternating T-maze paradigm were

observed. (A) Timeline of experiments, (B–D) no difference between treat-

ments was observed in the open field paradigm [(B) time (s) spent in the

centre of the arena; (C) time (s) spent in the centre of the arena; (D) zone

transitions between centre and periphery], (E) continuous alternating T-

maze (T-CAT) (alternation:no alternation ratio; >0.6 is considered as no

hippocampal deficit,<0.6 is considered as a chance level or hippocampal

deficit), (F) balance beam (number of foot slips), and (G) wire-hanging test

(s). Data presented as mean (SD); n¼16–27 per group; *P<0.05.
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[TAT-Pep5: F (1,69)¼ 1.59, P¼ 0.22; isoflurane: F (1,69)¼ 0.29,
P¼ 0.59; interaction: F (1,69)¼ 0.08, P¼ 0.77].

Balance beam and wire-hanging test

Two-way ANOVA was conducted to compare the effects of
p75NTR-inh (TAT-Pep5 vs TAT-ctrl) treatment with anaesthetic
exposure (isoflurane vs ctrl) (all groups n¼ 16–27). No difference
between treatments was observed in the balance beam or wire-
hanging test. Specifically, no difference was found for p75NTR-
inh, isoflurane, or p75NTR-inh � isoflurane interaction for foot
slips in the balance beam (Fig. 1f) [TAT-Pep5: F (1,87)¼ 1.35,
P¼ 0.25; isoflurane: F (1,87)¼ 1.98, P¼ 0.16; interaction: F
(1,87)¼ 0.29, P¼ 0.59] or time hanging (s) in the wire-hanging
test (Fig. 1g) [TAT-Pep5: F (1,76)¼ 0.79, P¼ 0.38; isoflurane: F
(1,76)¼ 0.08, P¼ 0.79; interaction: F (1,76)¼ 0.22, P¼ 0.64].

Barnes maze

Hippocampal-dependent memory was assessed with the
Barnes maze. Repeated measure two-way ANOVA was con-
ducted to compare the effects of p75NTR-inh (TAT-Pep5 vs
TAT-ctrl) treatment with isoflurane exposure (isoflurane vs
ctrl) over time during the learning phase of the experiment on
day 1–4 (Fig. 2a all groups n¼ 15–25). Mauchly’s test indicated
that the assumption of sphericity had been violated
(v2¼ 23.028, P< 0.001), therefore degrees of freedom were cor-
rected using Huynh–Feldt estimates of sphericity (�¼ 0.91). We
found a significant effect of time, with no different inter-
actions of time � isoflurane, time � TAT-Pep5, or time � iso-
flurane � TAT-Pep5 [time: F (2.73,202.03)¼ 37.69, P< 0.001; time
� TAT-Pep5: F (2.73,202.03)¼ 0.719, P¼ 0.53; time � isoflurane:
F (2.73,202.03)¼ 0.27, P¼ 0.83; time � isoflurane � TAT-Pep5:
F (2.73,202.03)¼ 0.58, P¼ 0.61]. The probe trial on day 5 revealed
a significant effect of isoflurane (Fig. 2b), with no significant ef-
fect of TAT-Pep5 alone or TAT-Pep5 plus isoflurane [TAT-Pep5:
F (1,72)¼ 0.99, P¼ 0.32; isoflurane: F (1,72)¼ 5.80, P¼ 0.02; inter-
action: F (1,72)¼ 0.2, P¼ 0.66]. Tukey’s post hoc test did not re-
veal further significant comparisons.

Stereology

Two-way ANOVA was conducted to compare the effects of
p75NTR-inh (TAT-Pep5 vs TAT-ctrl) treatment with isoflurane

exposure (isoflurane vs ctrl) (all groups n¼ 3–4). No difference
between treatments was observed with TAT-Pep5, isoflurane, or
TAT-Pep5 plus isoflurane after measuring volumes of the pre-
frontal cortex (Fig. 3a) [TAT-Pep5: F (1,11)¼ 0.42, P¼ 0.53; isoflur-
ane: F (1,11)¼ 0.50, P¼ 0.50; interaction: F (1,11)¼ 0.575, P¼ 0.464]
and the hippocampus (Fig. 3b) [TAT-Pep5: F (1,11)¼ 0.070,
P¼ 0.796; isoflurane: F (1.11)¼ 0.220, P¼ 0.648; interaction: F
(1.11)¼ 0.105, P¼ 752].

Immunoblotting

Two-way ANOVA was conducted to compare the effects of
p75NTR-inh (TAT-Pep5 vs TAT-ctrl) treatment with isoflurane
exposure (isoflurane vs ctrl) (all groups n¼ 4–5). No difference
between treatments was observed with TAT-Pep5, isoflurane, or
TAT-Pep5-inh plus isoflurane on protein expression of PSD-95
(Fig. 3c) [TAT-Pep5: F (1,15)¼ 1.042, P¼ 0.323; isoflurane: F
(1,15)¼ 0.060, P¼ 0.810; interaction: F (1,15)¼ 3.964, P¼ 0.065] or
synaptobrevin (Fig. 3d) [TAT-Pep5: F (1,15)< 0.001, P¼ 0.987; iso-
flurane: F (1,15)¼ 0.427, P¼ 0.523; interaction: F (1,15)¼ 1.150,
P¼ 0.300]. Protein expression was normalized to GAPDH.

Discussion

Anaesthetics have been shown to induce neurotoxicity, espe-
cially when administered during neurodevelopment.25–28 Even
though many mechanisms have been proposed, it is still not
completely understood how anaesthetic toxicity is mediated.29

Our group has shown that administration of the p75NTR-inh
TAT-Pep-5 mitigated acute isoflurane- and propofol-mediated
neurotoxicity.4,5 We conducted the present study to investigate
the long-term cognitive effects of isoflurane and whether they
can be reversed by pretreatment with TAT-Pep5. We show that
male PND 5–7 mouse pups, when exposed to isoflurane, exhibit
memory deficits in adulthood, an effect that was not mitigated
by TAT-Pep5 pretreatment.

Previous work from others has suggested that TAT-Pep5
could be used as a promising agent for preventing neuro-
regeneration.30 Parallel administration of a p75NTR-inh reduced
injury in an in vivo model of ischaemic injury (oxygen glucose
deprivation) and in an in vivo ischaemia–reperfusion model.31

Regarding the pharmacokinetics of TAT-Pep5, as a proof of con-
cept, Schwarze and colleagues32 reported a TAT-FITC signal in
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the brain after 20 min. Furthermore, they reported enzyme ac-
tivity of TAT-b-Gal in the brain after 8 h. Moreover, TAT-
conjugated Pep5 inhibited p75NTR interaction with Rho-GDI.33

We therefore chose to expose mice to isoflurane 30 min after in-
jection, at a time when the TAT-fused peptide has reached the
brain.

Abnormalities in motor function and an increase in anxiety
can potentially confound tests of cognition; that no differences
among the groups were detected indicates that the differences
in cognitive function detected were not due to abnormalities in
motor function or to excessive anxiety. Our results show an in-
ternally consistent decrease in memory due to isoflurane as as-
sessed by the Barnes maze, which detects hippocampal-
dependent memory. In contrast, we found no reversal effect
with TAT-Pep5 against anaesthetic-mediated cognitive deficits.
No stereological alterations (using the neuron-specific Nissl
stain) were detected for isoflurane or TAT-Pep5, suggesting that
the cognitive deficits were not due to persistent neuronal loss.
We investigated the presynaptic vesicle marker synaptobrevin
and the postsynaptic marker PSD-95, which is important for
synaptic plasticity during long-term potentiation, as markers of
synaptic integrity. Although no biochemical changes were de-
tected, whether the behavioural changes can be attributed to
ultrastructural abnormalities (e.g., dendritic arborization, den-
dritic spine numbers or population, postsynaptic morphology,
mitochondrial dysfunction, deficits in mitochondrial transport)
independent of cell number needs further investigation.

Our data are consistent with those recently reported by Lee
and colleagues,35 which showed that exposure of rodents to iso-
flurane at PND 7 led to neuronal apoptosis in both male and

female rats. The extent of apoptosis was similar between the
two sexes. However, in tests of object recognition and social
memory, deficits were observed only in males. Moreover,
Stratmann and colleagues34 have shown that although hyper-
carbia per se leads to significant apoptosis (equivalent to that
achieved with isoflurane exposure), it does not cause cognitive
deficit. These data indicate that apoptosis per se might not be
the only mechanism by which cognitive dysfunction in adult-
hood is produced by neonatal anaesthetic exposure.35 A current
study by Loepke and colleagues9 found no cognitive deficit after
exposing PND 7 mice to 1.5% isoflurane for 6 h. Mortality in that
study was 18%, while ours was 7% for all isoflurane-exposed
mice. A reason for the differences between these studies could
be the mouse strain used [C57Bl/6J female and CD-1 male vs
C57Bl/6J (female and male)], the behavioural test (Morris water
maze vs Barnes maze),19 length and concentration of isoflurane,
or the experimental design (individual groups and one-way
ANOVA vs two-factor design and two-way ANOVA).

Our study was restricted to evaluation of male mice only, and
we are therefore unable to determine the applicability of our find-
ings to female mice. Two other investigations in rats have indi-
cated that there is a sex difference in vulnerability to cognitive
deficits following neonatal anaesthetic exposure. Sevoflurane ex-
posure in adult rats led to worse cognitive dysfunction in males
than females.36 In another study in rats, repeated propofol expos-
ure led to sex-specific differences in spatial (female) and recogni-
tion (male) memory.37 Future studies should therefore consider
sex-specific differences in anaesthetic neurotoxicity.

Previous work from our group has demonstrated that isoflur-
ane produces structural changes in dendritic morphology (i.e.
loss of filopodial spines),4–6 including an acute reduction of
�50% of synapses in the stratum lacunosum of the hippocam-
pus. Propofol causes an acute reduction in synapse number by
�50% in the prefrontal cortex, with a persistent reduction in
synapse number by �10% 90 days after exposure.38 Preliminary
data from our laboratory indicate that propofol exposure at PND
7 dramatically alters the development of mossy fibres (from
dentate granule cells to the CA3 sector of the hippocampus).
These data are consistent with the notion that anaesthetic-
induced structural changes to neuronal networks during brain
development contribute to cognitive changes in adult animals.

In addition to modulation of neuronal networks, factors
other than apoptosis might contribute to long-term cognitive
deficits caused by anaesthetics.34–40 Alternative mechanisms
such as GABAA receptor activation,41 mitochondrial metabolism
and function,42 prolonged subcellular cytoskeletal changes,43

and changes in spine density44, 45 might contribute to the neuro-
toxic effects of anaesthetics in the developing brain. For ex-
ample, mitochondrial dysfunction following exposure to
volatile anaesthetics has been proposed and is currently under
investigation.46 In a model of general anaesthesia in neonatal
rats, R(þ)-pramipexole restored mitochondrial integrity and
mitigated cognitive dysfunction.42 Epigenetic influences such as
environmental enrichment might also play a role, as Shih and
colleagues47 have shown that environmental enrichment ameli-
orates the neurotoxic effects of sevoflurane.

Conclusion

A single long-term exposure to isoflurane significantly impaired
spatial learning measured by the Barnes maze, indicative of
hippocampal-dependent deficits. These deficits were not amelio-
rated by administration of TAT-Pep5, an inhibitor of p75NTR, shown
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previously to abolish isoflurane-induced neuronal apoptosis. There
was no baseline motor deficit or potential lack of movement due to
anxiety measured by the balance beam, wire-hanging test, and
open field paradigm. These results control for possible confounders
and therefore strengthen our findings in the cognitive assessments.
No gross differences in brain region volumes and biochemistry were
found. These findings extend previous observations from our group
that neonatal anaesthetic-mediated neurotoxicity contributes to
cognitive alterations in the adult. Importantly, factors other than
apoptosis play a significant role in cognitive dysfunction. We con-
clude that the prevention of apoptosis by a p75NTR-inh does not
prevent cognitive dysfunction.

Authors’ contributions

J.M.S., V.B.R., H.H.P., P.M.P., and B.P.H. co-designed and concep-
tualized the experiments. J.M.S., M.L.P., V.B.R., H.H.P., P.M.P.,
and B.P.H. interpreted the data. J.M.S., A.K., C.M., A.V., G.C.G.,
and I.R.N. performed the experiments. J.M.S, H.H.P., P.M.P, and
B.P.H. drafted the manuscript. All authors were involved in the
editing and revision process. All authors gave their final ap-
proval and agreed to be accountable for all aspects of the work.

Declaration of interest

None declared

Funding

National Institutes of Health, (GM085179, NS073653); Veterans
Affairs San Diego Healthcare System, (BX001225).

References
1. Honegger P, Matthieu JM. Selective toxicity of the general an-

esthetic propofol for GABAergic neurons in rat brain cell cul-
tures. J Neurosci Res 1996; 45: 631–6

2. Jevtovic-Todorovic V, Wozniak DF, Benshoff ND, Olney JW. A
comparative evaluation of the neurotoxic properties of keta-
mine and nitrous oxide. Brain Res 2001; 895: 264–7

3. Briner A, De Roo M, Dayer A, Muller D, Habre W, Vutskits L.
Volatile anesthetics rapidly increase dendritic spine density
in the rat medial prefrontal cortex during synaptogenesis.
Anesthesiology 2010; 112: 546–56

4. Head BP, Patel HH, Niesman IR, Drummond JC, Roth DM,
Patel PM. Inhibition of p75 neurotrophin receptor attenuates
isoflurane-mediated neuronal apoptosis in the neonatal
central nervous system. Anesthesiology 2009; 110: 813–25

5. Pearn ML, Hu Y, Niesman IR, et al. Propofol neurotoxicity is
mediated by p75 neurotrophin receptor activation.
Anesthesiology 2012; 116: 352–61

6. Lemkuil BP, Head BP, Pearn ML, Patel HH, Drummond JC,
Patel PM. Isoflurane neurotoxicity is mediated by p75NTR-
RhoA activation and actin depolymerization. Anesthesiology
2011; 114: 49–57

7. Morgan PG, Sedensky M. A new phase in anesthetic-induced
neurotoxicity research. Anesthesiology 2011; 114: 10–1

8. Su D, Zhao Y, Wang B, et al. Repeated but not single isoflur-
ane exposure improved the spatial memory of young adult
mice. Acta Anaesthesiol Scand 2011; 55: 468–73

9. Loepke AW, Istaphanous GK, McAuliffe JJ 3rd, et al. The effects of
neonatal isoflurane exposure in mice on brain cell viability, adult
behavior, learning, and memory. Anesth Analg 2009; 108: 90–104

10. Liang G, Ward C, Peng J, Zhao Y, Huang B, Wei H. Isoflurane
causes greater neurodegeneration than an equivalent expos-
ure of sevoflurane in the developing brain of neonatal mice.
Anesthesiology 2010; 112: 1325–34

11. Zheng H, Dong Y, Xu Z, et al. Sevoflurane anesthesia in preg-
nant mice induces neurotoxicity in fetal and offspring mice.
Anesthesiology 2013; 118: 516–26

12. Deacon RMJ, Rawlins JNP. T-maze alternation in the rodent.
Nat Protoc 2006; 1: 7–12

13. Wolterink-Donselaar IG, Meerding JM, Fernandes C. A
method for gender determination in newborn dark pig-
mented mice. Lab Anim (NY) 2009; 38: 35–8

14. Hall CS. Emotional behavior in the rat. I. Defecation and urin-
ation as measures of individual differences in emotionality. J
Comp Psychol 1934; 18: 385

15. Paylor R, Nguyen M, Crawley JN, Patrick J, Beaudet A, Orr-
Urtreger A. Alpha7 nicotinic receptor subunits are not neces-
sary for hippocampal-dependent learning or sensorimotor
gating: a behavioral characterization of Acra7-deficient
mice. Learn Mem 1998; 5: 302–16

16. Carter RJ, Morton AJ, Dunnett SB. Motor coordination and bal-
ance in rodents. Curr Protocols Neurosci 2001; 15: 8.12.1–8.12.14

17. Sharma S, Rakoczy S, Brown-Borg H. Assessment of spatial
memory in mice. Life Sci 2010; 87: 521–36

18. Niesman IR, Schilling JM, Shapiro LA, et al. Traumatic brain
injury enhances neuroinflammation and lesion volume in
caveolin deficient mice. J Neuroinflammation 2014; 11: 39

19. Harrison FE, Hosseini AH, McDonald MP. Endogenous anx-
iety and stress responses in water maze and Barnes maze
spatial memory tasks. Behav Brain Res 2009; 198: 247–51

20. Barnes CA. Memory deficits associated with senescence: a
neurophysiological and behavioral study in the rat. J Comp
Physiol Psychol 1979; 93: 74–104
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