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Mitochondrial protectant pramipexole prevents sex-specific

long-term cognitive impairment from early anaesthesia
exposure in rats
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Background. Exposure to general anaesthesia during critical stages of brain development
results in long-lasting cognitive impairment. Co-administration of protective agents could
minimize the detrimental effects of anaesthesia. Co-administration of R(+)pramipexole
(PPX), a synthetic aminobenzothiazol derivative that restores mitochondrial integrity,

Editor’s key points

e Neonatal exposure to a
combination of general

anaesthetics results in
developmental
neurotoxicity and
cognitive impairment in
adult rats.

The cognitive impairment
could be prevented by
co-treatment with the
mitochondrial targeted
anti-oxidant pramipexole.

Female rats were more
vulnerable to
anaesthesia-induced
cognitive impairment,
and thus might benefit
more by such protective
therapy.

prevents anaesthesia-induced mitochondrial and neuronal damage and prevents early
development of cognitive impairment. Here, we determine the protective effects of PPX
into late adulthood in male and female rats.

Methods. Postnatal day 7 rats of both sexes were exposed to mock anaesthesia or
combined midazolam, nitrous oxide, and isoflurane anaesthesia for 6 h with or without
PPX. Cognitive abilities were assessed between 5 and 7 months of age using Morris water
maze spatial navigation tasks.

Results. Examination of spatial reference memory revealed that female, but not male,
neonatal rats exposed to anaesthesia showed slowing of acquisition rates, which was
significantly improved with PPX treatment. Examination of memory retention revealed
that both male and female anaesthesia-treated rats have impaired memory retention
performance compared with sham controls. Co-treatment with PPX resulted in
improvement in memory retention in both sexes.

Conclusion. PPX provides long-lasting protection against cognitive impairment known to
occur when very young animals are exposed to anaesthesia during the peak of brain
development. Anaesthesia-induced cognitive impairment appears to be sex-specific with
females being more vulnerable than males, suggesting that they could benefit more
from early prevention.
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Both animal and human data suggest that exposure to
general anaesthesia (GA) during critical stages of brain de-
velopment results in long-lasting cognitive impairment.*~’
This problem begs the question of how GA can be used safely
in the very young. One possibility would be co-administration
of protective agents to minimize the detrimental effects
of GA.

In an effort to address this possibility, we previously exam-
ined the effects of early exposure to anaesthesia on mito-
chondria as their proper functioning and morphogenesis are
crucial for timely neuronal development. We found that mito-
chondria are very vulnerable to GA-induced toxicity and are

one of the first intracellular organelles targeted by anaes-
thetics.” Injured mitochondria cause substantial up-regulation
of free oxygen radicals, which, in turn, lead to lipid peroxida-
tion in cellular membranes and neuronal loss in vulnerable
brain regions.” As neurones have high oxygen requirements
and relative deficiency in oxidative defences, they are highly
sensitive to excessive free oxygen radical production, suggest-
ing that GA-induced mitochondrial damage and ensuing oxi-
dative stress could be one of the key mechanisms leading to
neuronal damage during early stages of brain development.
Motivated by this finding we examined the free oxygen scav-
enger, R(+)pramipexole (PPX), a synthetic aminobenzothiazol
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derivative that restores mitochondrial integrity,® and found
that when administered at the time of GA exposure, PPX pre-
vents GA-induced mitochondrial and neuronal damage and
prevents the development of cognitive impairment in
young adult rats.’

To assess whether the protective effect of PPX is long-
lasting and sex-specific we followed animals into late adult-
hood (5-7 months of age) and compared benefits of PPX on
cognitive performance of male and female rats exposed to
GA at the peak of brain development (7 days of age).

Methods

We exposed postnatal day 7 (P7) Sprague-Dawley rats of
both sexes to one of four treatment protocols: (i) sham
controls (mock GA-vehicle, 0.1% dimethyl sulfoxide+21%
oxygen for 6 h); (i) GA-treated (midazolam, 9 mg kg_l,
i.p,; single injection immediately before administration of
0.75% isoflurane+75% nitrous oxide+24% oxygen for 6 h);
(iii) GA+PPX-treated (PPX, 1 mg kg_1 i.p.; four doses—at 9 h
before, immediately before, immediately after, and 9 h after
6 h of GA); and (iv) PPX alone (same dosing regimen but
mock GA). At the end of the treatments, rat pups were reunited
with their mothers. Rats were housed using standard housing
on a 12 h light/dark cycle with ad libitum access to food and
water. All experiments were approved by the Animal Care and
Use Committee of the University of Virginia Health System
and were done in accordance with the Public Health Service’s
Policy on Human Care and Use of Laboratory Animals. All
efforts were made to minimize the number of animals used.

R(+)PPX doses and the dosing regimen were selected
based on results from our prior work’ and the half-life of
R(+)PPX which is estimated to be 8-12 h° [i.e. R(+)PPX
was dosed ~every half-life around the time of anaesthesia
exposure]. An adult rodent dose of 1 mg kg™ ! is equivalent
to a human dose of 0.2 mg kg~ .7 '° Thus, these doses are
very small and clinically feasible. Based on high-pressure
liquid chromatography assays, R(+)PPX was >99.9% chem-
ically and >99% enantiomerically pure.'*

We found no differences among the groups in general ap-
pearance or body weight over the next 7 months (data not
shown). Cognitive abilities were assessed between 5 and
7 months of age using the Morris water maze test with the
adult size pool (180 cm inner diameter).! To examine their
ability to swim, animals were tested in cued trials using a
visible platform that was switched to a new location for
each trial. During the place trials, rats were tested on their
ability to learn the location of a platform (submerged, not
visible), which remained in the same location during all
trials. Two acquisition place trials were performed, each
four blocks long (2 days per block). Probe trials were per-
formed after each acquisition place trial (after blocks four
and nine). During these trials, the platform was removed
and times and patterns of swimming were analysed with
special attention focused on time spent in the target
quadrant.
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Data were analysed by analysis of variance using treat-
ment and sex as between-subject variables and blocks of
trials as within-subject variables. Pairwise comparisons
were done after analysis of significant treatment effects
and P-values exceeding Bonferroni corrected levels were
noted. We considered P<<0.05 to be statistically significant.

Results

To assess whether GA-induced impairment in performance
could be attributable to confounding visual or motor impair-
ments, we performed a visual platform trial. The data shown
in Figure 1 confirm that there were no differences in the time
it took male or female rats from each group to reach a visible
platform raised 1 cm above the water level (n=4 trials).
The examination of spatial reference memory capabilities
in the same animals during place trials (submerged platform,
fixed location different from that used in the visual platform
trials), revealed that female, but not male, rats exposed to
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Fig 1 Neonatal anaesthesia exposure has no effect on visual and
motor performance in Morris water maze. (a) There was no differ-
ence in the time it took male rats from each group (sham con-
trols, anaesthesia—GA, GA+PPX, and PPX alone) to reach a
visible platform raised above the water level (visual platform
trial) in any of the four trials. (8) There was no difference in the
time it took female rats from each group (sham controls, anaes-
thesia—GA, GA+PPX, and PPX alone) to reach a visible platform
raised above the water level in any of the four trials. The
number of animals in each experimental group and for each
sex is indicated in the graphs.

¥202Z UoIeN 0z uo isenb Aq £26£9z/211/1 1ddns/Q | L /ao1e/elq/woo dno-ojwepede//:sdly woly pepeojumod



Anaesthesia and sex-specific learning impairment

BJA

Place trials
A
—— GA (n=12)
15007 -m- Sham control (n=15)
E —-a- PPX+GA (n=11)
53 1000+ g
1
o3 &
£ 5 oi
< 3 al
o £ 500- !
g v
()
w
—— GA (n=8)
B = -m- Sham control (n=9)
2000 — = --a- PPX+GA (n=9)
F =

_ g,

£ Si

T 1500 gl

< ]

5= -

R i

< £ 1000

53

S E

S 500

[s]

()

w

0

1 2 3 4 6 7 8 9
Blocks of days
(2 days per block)

C Place trials
- GA (n=12)
509 _ -=- Sham control (n=15)
! -a- PPX+GA (n=11)

@ 40 3 N
E= o =i
5 ol =
S 3 30 &i 5
T f - 8i
= C —_
Sg | . v g
o 9 204 o
o £ !
E | IR I v
= 1004 0 T E _F N

0_

< —* GA(n=8)

D £ -=- Sham control (n=9)

60 81 -u- PPX+GA (n=9)

1
i 8l =
e - ! Ei
E — wokk o!
£7 « |
s & o~ v Si
a3 } \i i
© v
9] é 20 1 3(\'-% I
g N D "__/ S .
" E §-3--F
0
1 2 3 4 6 7 8 9
Blocks of days

(2 days per block)

Fig 2 Neonatal anaesthesia exposure has a long-lasting effect on spatial reference learning that is sex-specific and preventable by timely
treatment with PPX. Male (a and c) and female (8 and p) rats were tested at 5-7 months of age for their ability to learn the location of a sub-
merged (not visible) platform during place trials. We used escape path length (a and 8) and time to escape to the platform (c and o) as two
main measures of spatial reference learning. Male rats exposed to GA showed no signs of impaired acquisition rates in terms of the escape
path length (except during the third block of trials, *P<0.05) (a) or the time to escape to the platform (c). Spatial learning of PPX+GA male rats
was indistinguishable from controls. Female rats exposed to GA showed significant slowing of acquisition rates in terms of the escape path
length (8) and the time to the platform (p) (*P<0.05; **P<0.01; and ***P<0.001). It took GA-treated animals until the end of training (ninth
block of trials) to perform similarly to controls. Females treated with PPX+GA performed much like sham controls throughout the testing
period (P>0.05) (e and p). The timing of the probe trials after the last place trials is indicated in blocks 5 and 10. (The number of animals
in each experimental group and for each sex is indicated in the graphs.) PPX only animals behaved much like controls (n=9 males and 10

females; data not shown).

GA showed significant slowing of acquisition rates in terms of
the escape path length (Fig. 2a and 8) and the time to the
platform (Fig. 2c and p); it was not until the very end of train-
ing (Day 9) that GA-treated females (8 and b) improved and
performed similarly to controls. PPX treatment offered signifi-
cant protection of cognitive function; females treated with
PPX+GA performed much like sham controls throughout
the testing period (P>0.05) (8 and p). As GA-treated males
did not show significantly impaired performance (» and c)
(except on escape path length during the third block of
trials), the protective effect of PPX on place trials in males
was less impressive. PPX only animals behaved much like
controls (=9 males and 10 females; data not shown).

To assess memory retention, we used probe trials wherein
the submerged platform was removed from the pool (after
the last place trials—after blocks four and nine as indicated

in Fig. 2). Hence, the animals were forced to rely on
learned visual cues to find the quadrant where the platform
had been (target quadrant). Both male and female
GA-treated rats demonstrated impaired memory retention
performance compared with sham controls (Fig. 3). Control
male () and female rats (8) spent significantly more time
during the second probe trial in the target quadrant
(P<0.01) and significantly more time in the target quadrant
compared with other three quadrants (P<<0.001), which sug-
gests a significant level of spatial memory retention.
GA-treated male (c) and female (p) animals had no prefer-
ence for any quadrant in the first or second probe trials
despite previous training. Their behaviour could be described
best as aimless swimming from one quadrant to another,
suggesting a complete lack of retention and learning. In
male () and female () animals exposed to GA+PPX
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Fig 3 Neonatal anaesthesia exposure has long-lasting effect on retention in both sexes and was preventable by timely treatment with PPX.
Retention was examined using probe trials where animals were forced to rely on learned visual cues to find the quadrant where the platform
had been (target quadrant). Control male (a) and female rats (8) spent significantly more time during the second probe trial in the target quad-
rant (**P<<0.01) and significantly more time in the target quadrant compared with the other three quadrants (***P<0.001). GA-treated male (c)
and female (p) animals had no preference for any of the quadrants in the first or second probe trials despite previous training. GA+PPX-treated
male (e) and female (F) animals spent significantly more time in the target quadrant during the second probe trial (females, *P<0.05) and
significantly more time in the target quadrant compared with the other three quadrants [(e) males, ***P<0.001; (r) females, *P<0.05]. This
behaviour was very similar to that of sham controls. The number of animals in each experimental group and for each gender is indicated
in the graphs. PPX only animals behaved much like controls (=9 males and 10 females; data not shown).

treatment, there was an improvement in the memory
retention shown as significantly more time spent in the
target quadrant during the second probe trial (females,
P<0.05) and significantly more time in the target quadrant
compared with the other three quadrants (males, P<<0.001;
females, P<0.05), thus displaying learning behaviour that
resembled sham control animals. PPX only animals
behaved much like controls (n =9 males and 10 females;
data not shown).

Swimming speeds also were analysed during cued and
place trials. No differences were observed (data not
shown), further arguing that swimming performance deficits
were not responsible for place-learning impairment in
GA-treated rats.

Discussion

Cognitive impairment is known to occur when very young
animals are exposed to anaesthesia during the peak of
brain development.’~’ Our previous work showed that GA
impairs mitochondrial integrity and function resulting in

i50

increased oxygen free radicals, lipid peroxidation, and neur-
onal deletion.” *? PPX was tested as a potential protective
agent because it scavenges free oxygen radicals inside
mitochondria and protects mitochondrial integrity.”® ** PPX
readily crosses the blood-brain barrier and is concentrated
in the brain where it is taken up and most highly concentrated
in mitochondria.”® Previously, we showed that PPX decreases
production of free oxygen radicals and protects neuronal sur-
vival while protecting against GA-induced cognitive impair-
ment in rats when assessed in early adolescence.” Here, we
show that this protection is long lasting because it can be
detected in late adulthood as well.

Retention memory was impaired by GA administration at
P7 (the peak of synaptogenesis) in both sexes, but adminis-
tration of PPX around the time of anaesthesia exposure com-
pletely prevented the development of this deficit, as
demonstrated by normal cognitive performance in adulthood
(5-7 months of age). GA exposure at P7 caused more detri-
mental long-term effects on spatial learning in female than
in male rats compared with sex-specific controls; this too
was prevented by PPX.
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Available evidence regarding sex differences in Morris water
maze performance is conflicting. Some studies have shown
that males have an advantage in spatial learning,*® 7
whereas others suggest that this advantage disappears when
females undergo additional training aimed at alleviating the
stress response.’® * However, newer evidence shows no base-
line sex difference in Morris water maze performance.?® Simi-
larly, we observed no difference in spatial learning between
sham control males and females.

The effect of sex on GA-induced developmental neurotox-
icity remains poorly understood. An earlier study by Rothstein
and colleagues®® suggests that although exposure to GA
during very early stages of synaptogenesis (postnatal day 0)
resulted in significant impairment in cognitive abilities in
both sexes, male rats were more affected than females
when assessed in very young adulthood (1.5 months of
age). The reasons for sex differences on GA-induced cognitive
impairments over the course of adolescence and adulthood
are yet to be deciphered, although a direct correlation
between a decrease in performance in the Morris water
maze and a decrease in hippocampal volume has been
reported.”!

The fact that spatial reference memory performance can
be confounded by stress'® ° suggests the possibility that
female-specific long-term impairment of spatial reference
memory could be attributable to an anaesthesia-modified
stress response that is female-specific. It is reasonable to
propose that this could be caused by complex influences
on hormonal cycling and mitochondrial development as a
result of an early exposure to anaesthesia, although this
notion needs to be examined critically.

We conclude that early exposure to GA causes long-term
cognitive impairment that can be prevented by timely ad-
ministration of PPX. As females appear to be more affected
than males when studied in later adulthood, we suggest
that they might benefit more from early prevention.
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