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Abstract

A previous study showed that hippocampal BDNF mRNA decreased in 17 day old (D17) rats, relative to age-
matched naive rats, at day 1, 3, 7 and 14 after sham surgery in a traumatic brain injury model. The anesthetic
isoflurane activates GABA and inhibits NMDA receptor currents, both of which are known to decrease Brain-Derived
Neurotrophic Factor (BDNF) mRNA in rat hippocampi. Hippocampal BDNF is necessary for normal cognitive
function. Effects of isoflurane alone on hippocampal BDNF are not known. We hypothesized that, in D17 rat pups,
isoflurane would decrease hippocampal mRNA/protein levels of BDNF and Synapsin | (a downstream target of
BDNF important for cognitive function) and impair performance on the Novel Object Recognition Test (NOR). ISOF
BDNF and Synapsin | mRNA decreased relative to Naive at day 1 and 8 after exposure, but not at day 14. Isoflurane
exposure did not decrease hippocampal protein levels of BDNF or Synapsin | and did not impair NOR performance.
In contrast to the neonatal rat pup, anesthetic exposure did not impair cognitive function. We speculate that adverse
effects of anesthetics on rat pup cognitive function and BDNF expression are highly dependent on age at exposure.
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Introduction

Sham surgery for traumatic brain injury decreased hippocampal
Brain Derived Neurotrophic Factor (BDNF) mRNA in 17 day old
(D17) male rats, relative to age and gender-matched Naives, at days 1,
3, 7 and 14 after sham surgery [1]. In contrast, mRNA levels of other
neurotrophins did not differ between Naive and Sham rats. Sham
surgery involved a craniotomy, maternal separation and exposure to the
anesthetic, isoflurane. The effects of isoflurane alone on hippocampal
BDNF expression are not known. Given the importance of BDNF in
normal learning and memory, and the growing concern that anesthetic
exposure during brain development may adversely affect cognitive
function, we asked whether isoflurane exposure alone could decrease
hippocampal BDNF expression and impair cognitive function in the
D17 rat.

Endogenous hippocampal BDNF is required for normal cognitive
function [2,3]. Hippocampus-dependent learning was associated with
selective induction of hippocampal BDNF mRNA [4] while inhibition
of BDNF expression impaired learning and memory in rodents [5,6].
BDNF regulates Synapsin I, a regulator of synaptic transmission [7-9].
Interference with BDNF action impairs normal learning and memory;,
in part by disrupting synaptic plasticity [10,11].

Hippocampal BDNF expression decreased in response to agents
that enhance gamma aminobutyric acid (GABA) activity or antagonize
the n-methyl-d-aspartate receptor (NMDAR) [12,13]. Since isoflurane
both enhances GABA activity and inhibits the NMDAR, [14,15]
isoflurane exposure alone may decrease hippocampal BDNF expression.

Experimental and clinical data suggest that exposure to anesthetics
during development adversely affects cognitive function. D7 Rats
exposed to anesthesia developed neuronal death [16,17] and learning
and memory impairments [18]. Epidemiological studies suggest that
repeated exposure to anesthesia during childhood is an independent
risk factor for acquiring learning disabilities [19,20].

We hypothesized that isoflurane exposure at D17 would decrease

rat hippocampal BDNF and Synapsin I mRNA and protein levels on
post exposure day (PED) 1, 8 and 14, and that repeated isoflurane
exposures would impair performance on the Novel Object Recognition
(NOR) test, a test of recognition memory, at PEDS.

Materials and Methods
Animal procedures and tissues

Experimental protocols were approved by the Animal Care and
Use Committee at the University of Utah, in accordance with US NTH
guidelines. Male Sprague—Dawley rats were obtained from Charles
Rivers Laboratories (Raleigh, NC) on D7-10 of life. Littermates were
randomized to generate 6-7 rats per group per time point. All rats were
allowed free access to food and water, and kept in a temperature- and
light-controlled environment.

17 day old rat littermates were exposed to 2.5% isoflurane for
45 minutes and allowed to recover for 15 minutes (ISOF), or were
removed from their dams for 60 minutes (Naive) to match the duration
of anesthesia exposure and maternal separation experienced by Sham
rats. Recovery and induction chambers were actively warmed; rectal
temperatures were obtained at 60 minutes of exposure.

Based on reports of adverse neurologic outcome after repetitive
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anesthetic exposure [19] we repeated the experimental paradigm on
three consecutive days (ISOF3 and Naive3). We had found no difference
between Sham and Naive rats’ cognitive performance at 14 days after
injury, [21] so NOR was performed at PEDS.

Hippocampi were collected at PED 1, 8 and 14. Rats were
anesthetized with xylazine (8 mg/kg) and ketamine (40 mg/kg). The
hippocampus was dissected on ice and quickly frozen to -80°C.

Molecular studies

Hippocampal BDNF and Synapsin I mRNA levels were measured
by real-time RT-PCR as previously described [21] using primers and
probes for BDNE, Rn 02531967_ sl and for Synapsin I, Rn00569468_
m1 with Tagman GAPDH (PE Applied Biosystems) as internal control.

Immunoblotting was performed as previously described [21].
Proteins were extracted using ice-cold lysis buffer with protein
inhibitors (Roche Applied Science, IN). Protein concentration was
determined by BCA (Pierce Protein Research Products, IL) for equal
protein loading. Proteins were separated by SDS PAGE using Criterion
XT Precast 4-12% Bis-Tris Gels (Bio-Rad, CA), followed by transfer to
PVDF membranes and blocking. Overnight incubation with antibodies
against BDNF (1:600 SC-549 Santa Cruz Biotechnology, Inc, Santa Cruz
CA) and Synapsin-1 D12G5 (1:1200 5297 Cell Signaling Technology,
Inc, Danvers, MA) was followed by incubation with secondary antibody
(1:4,000 goat anti-rabbit HRP, Cell Signaling Technology MA). Signals
were quantified relative to GAPDH (1:4000 14C10 Cell Signaling
Technology, MA) by densitometry on a Kodak Image Station 2000R
(Eastman Kodak/SIS, NY).

Cognitive testing

As previously described [22], NOR testing was performed
using a 32X 52X 30 cm?® chamber. Tracking and data collection were
accomplished using the Ethovision XT® (Noldus Inc, VA) system
and by manual timing of videotaped rats by blinded observers. The
rat encountered two objects (familiarization), and one novel and one
familiar object when returned to the chamber 20 minutes later (testing).
Normal memory results in novel exploration time that is greater than
50% of total.

Statistical Analyses

All data were analyzed using one-way ANOVA. Post Hoc testing
was done using Fisher’s Protected Least Significant Difference and
p<0.05 was defined as the cutoff for statistical significance, using
Statview® (SAS institute, NC) software.

Results

There were no temperature differences between Naive and ISOF rats
(36.2+0.2°Cvs. 35.9 £ 0.2°C, p=0.3). We have previously demonstrated
that Sham rats maintain normal oxygenation and ventilation during
isoflurane exposure [21]. Naive and ISOF rats weights were not different
at PED 1, 3, 6, 8 or 14.

ISOF decreased BDNF mRNA at PED1 (41 + 7% of Naive, p<0.01)
and 8 (37 + 11% of Naive, p<0.05) and decreased Synapsin I mRNA at
PED 1 (79 £ 5% of Naive, p<0.01) and 8(74 + 3% of Naive, p<0.001)
(Figure 1). ISOF did not affect BDNF or Synapsin I mRNA at PED 14.

BDNF protein did not change at PED 1, 8 or 14 (Figure 2). Synapsin
I protein did not differ between ISOF and Naive groups at PED1 (1.65
+ 0.6 vs. 1.95 £ 1.2, p=0.8) or 8 (0.5 £ 0.16 vs. 0.4 + 0.07, p=0.5). Both

__ 350
§ 300 @ Synapsin |
I:IEC 0O BDNF
o 250
>
‘S
Z 200
B3
< 150
=
€ 100d---Foooo S~ | -
L
2]

0

1 8 14

Days after Exposure

Figure 1: BDNF and Synapsin | mRNA. The graph depicts hippocampal
Synapsin | (black bars) and BDNF(dotted white bars) mRNA levels in ISOF rats
as a percentage of Naive at 1, 8 and 14 days after exposure, +SEM, n=6 *p<0.05
relative to Naive.
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Figure 2: BDNF protein. The graph depicts hippocampal BDNF protein levels in
ISOF (black bars) and Naive rats (white bars) as densitometry units relative to
GAPDH and normalized to Naive at day 1, 8 and 14 after exposure, +SEM, n=6

*p<0.05 relative to Naive; representative blots from Naive and ISOF are shown.

ISOF3 and Naive 3 groups performed normally on the NOR (ISOF3=68
+ 4% vs. Naive 3=58 + 2% total exploration.

Discussion

In summary, isoflurane exposure at D17 decreased rat pup
hippocampal BDNF and Synapsin 1 mRNA, but not protein, on PED
1 and 8. In contrast to sham surgery, isoflurane exposure did not affect
BDNF mRNA at PED14. Finally, repetitive isoflurane exposures did not
impair NOR performance on PEDS. These data suggest that isoflurane
effects on BDNF expression and memory depend on age at exposure.

The discrepancies between BDNF mRNA and protein levels in our
study are not unexpected. First, BDNF protein levels reflect not only
production but the degradation of BDNF and cleavage of pro-BDNE
Second, the rat BDNF gene encodes at least 11 mRNA variants [23]
but only one BDNF protein. Given expected differences in translational
efficiency between mRNA variants, overall translation could be
unaffected despite decreased total BDNF mRNA.
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Isoflurane is an NMDAR antagonist and GABA agonist. While
NMDAR antagonists decrease BDNF mRNA levels in adult and
immature hippocampi [12,13], the effect of GABA agonists on BDNF
depends on developmental age. GABA agonists decrease BDNF mRNA
in adult rat hippocampi, [13] but increase it in immature neurons
[12,24]. This maturational difference likely corresponds to the switch
in GABA action from excitatory to inhibitory at D14 [25]. Our mRNA
results suggest that pharmacologic modulation of BDNF production in
the D17 rat brain resembles that of the adult.

There are two reports of isoflurane effects on cerebral BDNF protein.
At two hours after exposure, isoflurane decreased BDNF in neonatal rat
thalami [26] and isoflurane (combined with nitrous oxide) decreased
BDNF in adult rat hippocampi [27]. In both reports, BDNF protein
levels rose over time after anesthetic exposure, suggesting that BDNF
depression was transient. If so, these reports could be consistent with
unchanged hippocampal BDNF protein days after isoflurane exposure.

Isoflurane decreased Synapsin I mRNA, but not protein, at PED1
and 8. Unchanged Synapsin I is expected in light of unchanged BDNF
protein, since Synapsin I is a downstream target of BDNF [9,28].
Discrepancies between Synapsin I mRNA and protein, specific to rat
hippocampus, were previously reported [29] and thought to reflect
regional differences in plasticity.

Repeated exposure to isoflurane at D17 did not impair NOR testing
at PEDS. This contrasts with reports of impaired cognitive function
after anesthetic exposure in the neonatal rat [18]. Those rats were
younger (D7) and exposed to a far greater inhibition of NMDARs and
activation of GABA receptors than the rat pups in our study. Reports
of adverse effects of isoflurane on cognitive function are limited to rats
exposed at D14 or younger [30]. This age-dependency may reflect the
developing brain’s greater susceptibility to neuronal death [31] and/or
synaptogenesis. Given the growing evidence that anesthetics disrupt
synaptogenesis [32], anesthetics could have greater adverse effects at
D7, the peak of synaptogenesis, than at later time points such as D14
[16,33].

Our results are limited to male rats in the first fourteen days after
isoflurane exposure and functional findings are limited to short term
memory. We conclude that isoflurane does not alter hippocampal
BDNF protein days after exposure. We speculate that isoflurane
effects on BDNF expression and memory in the rat pup depend on
age at exposure, and that isoflurane does not adversely affect cognitive
function in the D17 rat.
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