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ABSTRACT

Aim: Diabetes Mellitus is a global public health challenge with major and potentially de-
vastating complications, and concomitant complications include retinopathy and neuropa-

thy due to hypoxia and microvascular dysfunction. In this study, we investigated the effect
of hyperbaric oxygen therapy as a method to transiently improve tissue oxygenation on di-
abetic retinopathy and neuropathy in a streptozotocin induced type-1 diabetic rat model
(Wistar). Methods: Streptozotocin induced type-1 diabetic rats received 10 sessions of 2-h
hyperbaric oxygen exposures (pO, = 309 kPa) over 2 weeks. Animals were exposed to light
stimuli to produce light evoked potentials to estimate the effect of oxygen treatment on di-
abetic retinopathy. Sciatic nerves were exposed and stimulated to produce muscle evoked
potential, which were recorded in the muscles of the foot and subsequently used to evaluate
the effect of oxygen treatment on diabetic neuropathy. Results: We found significantly
shorter light evoked potential latency and increased amplitude in hyperbaric oxygen treated
animals. No change was found in nerve conduction. Conclusions: This study showed that
hyperbaric oxygen therapy is a potentially effective treatment for diabetic retinopathy, im-
proving both latency and amplitude of light evoked potentials.
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1. INTRODUCTION

Diabetes Mellitus (DM) is a fast growing health problem in the developed world with an estimated
422 million adults living with DM in 2014 [1]. Two of the most frequent complications associated with
DM are diabetic retinopathy (DR) and diabetic neuropathy (DN); in fact, one in 12 people with DM in the
US is estimated to have advanced vision degrading retinopathy [2], while the prevalence of neuropathy is
approximately 30% [3]. The quality of life is generally low for those suffering from these diseases, includ-
ing development of blindness, sensation loss, neuropathic pain, foot ulcers and amputation of extremities.

Common for DR and DN is reduced capillary function in the blood vessels, resulting in hypoxic con-
ditions [4, 5]. Over time, hyperglycemia can cause basement membrane thickening in capillaries supplying
peripheral nerves, with demyelination and loss of fibers as consequence of disrupted blood flow and poor
oxygen extraction [6-11]. In the retina, reduced blood flow causes increased angiogenesis [12, 13], leading
to vitreous hemorrhage, retinal detachment and neovascular glaucoma which ultimately result in loss of
visual acuity.

Thus, the aim of this study was to investigate if hyperbaric oxygen therapy (HBOT) is able to halt the
progression towards DR and DN, in streptozotocin (STZ) induced type-1 diabetic rats. The STZ induced
diabetic rat model has been used extensively in studies of both DR [14-16] and DN [17-19].

HBOT for DR and DN has received little attention. Most research concerning HBOT has been per-
formed on diabetic foot ulcers [20, 21]. However, there is evidence that HBOT may improve peripheral
nerve function [22] in DM. DM has also been linked to delayed onset of light evoked potentials (LEP) [23,
24]. In the present study, we investigated the effect of HBOT on signal amplitudes of muscles stimulated
by peripheral motor neurons along with nerve conduction velocity. Furthermore, we examined the effect
of HBOT on LEP amplitudes and onset times. With these electrophysiological measurements, we seek to
determine whether HBOT may be a viable therapeutic option in diabetes.

We hypothesized that transient increases in tissue oxygen tension caused by HBOT may alleviate
symptoms caused by DR and DN, specifically, higher latency and decreased amplitude of LEPs for DR and
decreased conduction velocity and decreased MEPs for DN.

2. MATERIALS AND METHODS

We included 36 female Wistar rats (Janvier, France) with a weight of 250 - 400 g and an age of 12
weeks. The animals were divided into 4 groups of 9 animals per group:

+HBOT/+Diabetes, +HBOT/—Diabetes, —HBOT/+Diabetes and —HBOT/—Diabetes. Diabetes was
induced with STZ (Sigma Aldrich), 45 mg/kg in cold (2°C - 3°C) 0.01 M pH 4.5 sodium citrate buffer, via
the tail vein after an overnight fast [25]. Animals were confirmed diabetic 48 h after induction. Induced
animals had ad /ibitum access to food and water. HBOT was initiated two weeks following STZ-induction
as previous studies have shown that such duration is sufficient to produce effects of DM in peripheral
nerves [19, 26]. Rats were anesthetized using intraperitoneal administration of ketamine (100 mg/kg) and
xylazine (10 mg/kg) [27] before onset of electrophysiology experiments.

The applied procedures and HBOT-protocol was similar to a previous STZ induced diabetic animal
study [28]. In short, HBOT consisted of 10 sessions of pressurization with 100% oxygen to 309 kPa (3 atm)
with 5 pressurization sessions per week. Animals were placed in a 75 L custom made pressure chamber, 9
animals per session. Animals were kept at 309 kPa for 2 h. Compression and decompression rates were 30
kPa/min. CO, removal was achieved using a CO, scrubber and by maintaining a continuous (15 L/min)
flow of oxygen whenever animals resided the pressure chamber. Non-HBOT animal groups (-HBOT/
+Diabetes and ~-HBOT/-Diabetes) were given sham sessions of equal duration without pressurization in-
side the pressure chamber.

LEPs were evoked by 30 ms white light flashes from a COB-POWER-LED (5 W 450 - 550 lumen).
Power (10 V, 5 mA) and timing for the LED were supplied by a signal generator (model A310; World Pre-
cision Instruments (WPI), Sarasota FL, USA) through a signal isolator (WPI A365). The signal generator
was controlled by a PC executing a custom build script in LabView (2013 v. 13-0f2) software, via a digi-
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tal-to-analog converter (model USB 6152; National Instruments (NI), Austin TX, USA). Light stimulation
occurred inside a dark box where two stainless-steel needle electrodes were placed subcutaneously, one
pole above the eye, the other above the occipital lobe.

Muscle evoked potentials (MEPs) were evoked by stainless-steel electrodes fastened to the exposed
sciatic nerves. The nerves were stimulated with pulses of 10 V and 3 ms duration using the same stimula-
tion setup as described for LEPs. Stainless-steel electrodes were placed subcutaneously in the flexor digi-
torum brevis muscle of the foot, and they allowed recording the resulting MEPs.

All recorded potentials were amplified via a preamplifier (model P50; Grass, W. Warwick, RI, USA)
set to 10x amplification for MEPs and 100x amplification for LEPs and bandpass filter settings between 0.1
Hz and 3 kHz. Sample rate was 20 kHz. All electrophysiological experiments were conducted inside a Fa-
raday cage. Recorded data were stored on a PC via the digital-to-analog converter (see Figure 1 for de-
tailed description of the electrophysiological setup).

LEPs were calculated from the peak-peak amplitude of the evoked potentials and onset time of sti-
mulus response post-stimulation. Peak-peak amplitudes were calculated by subtracting the lowest record
voltage of the LEPs from the highest recorded. MEPs were quantified using root mean square (RMS) val-
ues of the evoked potentials. RMS was utilized for MEPs as these evoked potentials consisted of complex
wave forms containing several peaks, whereas LEPs contained only one peak. Nerve-muscle conduction
speed was calculated by dividing the length between stimulation and recording electrodes with the time of
onset of the MEPs.

2.1. Histology

After euthanasia, nervous tissue was removed immediately after stimulations in each animal from the
site of stimulation and preserved in 9% formalin solution. Nerve sections were dehydrated over 18 h in
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Figure 1. Diagram of electrophysiological experimental circuit. A Data Acquisition unit (DAQ)
converts the digital output from a PC to an analogue signal, which triggers a signal generator to
produce a stimulus pulse of the desired duration and voltage. This pulse is passed through an isola-
tor, this enables the current to be increased if needed and isolates the recording part of the circuit
from the power supply, reducing noise. The stimulus pulse is led through stainless steel electrodes
into the experimental animal. Platinum recording electrodes record the resulting stimulus response,
which is amplified and filtered through a preamplifier. The DAQ then converts the analogue stimu-
lus response to a digital signal which is stored on the PC. The recordings were carried out inside a
Faraday cage.
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three steps in ethanol solutions of 70%, 96% and 99%, respectively, and subsequently cleared with estisol
and paraffin infiltration. The nerves were cast in paraffin wax and transactional slices were cut with a
thickness of 6 um and spacing of 200 - 300 um. The tissue was stained with luxol-fast blue myelin stain
[29, 30]. Nerve slices were examined using light microscopy (ZEISS, Primo Star Microscope, Germany).
Digital images were acquired of each slice using 10x magnification with a ZEISS AxioCam ERc 5S micro-
scope camera. Quantification of the amount of myelin stain was carried out using Image] software and the
total area of the nerve fiber was determined. When several fibers were visible in a slice, the largest (main)
fiber was chosen. Using threshold detection, the area covered with myelin stain in each slice was estab-
lished. This area was then divided by the total nerve fiber area for each individual slice in order to calculate
the relative degree of myelination in each slice.

2.2. Statistics

N-way ANOVA was performed using MatLab (v. R2015a) software to determine whether DM or
HBOT had significant effect upon the electrophysiological measurements. Results from histological ex-
aminations were likewise subjected to non-parametric ANOVA (Kruskal-Wallis test) statistics to deter-
mine whether DM or HBOT had effect upon the relative amount of myelin in each nerve. N-way ANOVA
was chosen because of uneven sized data pools which resulted from animals having to be euthanized be-
fore experiments could begin, due to the effects of STZ administration. Experimental permission was
granted by the national council for animal research (#2014-15-0201-00327).

All data is available https://doi.org/10.6084/m9.figshare.12954827.v2.

3. RESULTS

The STZ treated animals were confirmed diabetic with Bayer Contour test strips at STZ+14 days. Av-
erage blood sugar levels were 26.87 + 2.53 mmol/L, (pre STZ average, 6.23 * 0.27 mmol/L). The blood
sugar levels of nine animals exceeded the detection range of the blood sugar meter (>33.3 mmol/L). These
values at not included in the average mentioned above.

Figure 2(A) shows LEP from two representative animals: one in the HBOT (blue) and one in the
non-HBOT (black). LEP amplitude is lowest and latency longest for the animals in the non-HBOT-group.
Figure 2(B) displays scatter plots of LEP onset times, while Figure 2(C) shows LEP amplitude.

Figure 3 displays data from MEP recordings from the different groups. Figure 3(A) shows two ex-
amples of representative MEPs; blue line is HBOT, while black line is non-HBOT. Figure 3(B) displays
scatter plots of conduction speed from the stimulation site across the neuromuscular junction to the mus-
cles. In Figure 3(C), RMS levels of MEPs are presented for the various groups.

Figures 4(A)-(D) show examples of sciatic nerve slices from each experimental group, whilst Figure
4(E) displays scatterplots of the relative myelin area for each group.

DM and HBOT both exerted a statistically significant effect on LEP onset times, p = 0.046 and p =
0.0003 respectfully. Likewise, analysis of LEP peak-peak amplitudes displayed a statistically significant ef-
fect of HBOT (p = 0.033), however not for DM. For sciatic nerve conduction speeds, a statistically signifi-
cant effect was found for DM (p = 0.0016), but not for HBOT, and no statistically significant effect was
found on RMS levels of MEPs for neither HBOT nor DM.

ANOVA of histological analyses showed a statistically significant effect of HBOT upon the relative
myelin area of the nerve slices from the different groups, the HBOT treated animals showed greater rela-
tive myelin area, (p = 0.019), while the effect of DM was not statistically significant.

HBOT animals were daily monitored by veterinary staff and showed no indication of oxygen toxicity.
All animals which underwent HBOT appeared healthy at the studies end.

4. DISCUSSION

The main findings of the experiment were that DM affected LEP onset times and nerve conduction
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Figure 2. Light evoked potentials (LEPs) data. (A) LEPs from one representative diabetic animal in
the Hyperbaric oxygen treatment (HBOT) group and non-HBOT treated group (B) LEP onset time
of the experimental groups. (C) Peak-to-peak amplitude of the experimental groups. Horizontal

lines indicate means and 95% confidence intervals.
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Figure 3. Muscle evoked potential (MEPs) (A) MEPs from one representative diabetic animal in the
Hyperbaric oxygen treatment (HBOT) group and non-HBOT treated group (B) Conduction speed
along sciatic nerve across to muscle for experimental groups (C) Root mean square (RMS) of the

experimental groups. Horizontal lines indicate means and 95% confidence intervals.
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Figure 4. Histology results showing examples from experimental groups and data quantification. (A)
10x magnification of sciatic nerve slice from +Hyperbaric oxygen treatment (HBOT)/+Diabetes
group. (B) —HBOT/+Diabetes group. (C) —HBOT/—Diabetes group. (D) —HBOT/+Diabetes group.
(E) Relative myelin area (Myelin Area/Total Nerve Area) of the main slice fiber from each group.
Lines indicate means and 95% confidence intervals.
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speeds (Figure 2 and Figure 3). Furthermore, both LEP onset times and amplitudes improved significant-
ly in HBOT animals, however, neither conduction speed nor MEP RMS were changed following HBOT.
For LEP onset times, the groups displaying the largest latency were the diabetic groups and the best per-
forming group was the healthy controls receiving HBOT. Likewise, the groups with the highest LEP am-
plitudes were the HBOT-groups, both control and diabetic. These results therefore indicate a positive ef-
fect upon retina in diabetic and control groups. The positive effect of HBOT on all animal LEP measure-
ments might be due to the inherently high energy turnover of the mammalian retina. Since the retina is
embryologically a projection of the forebrain [31], it is a part of the CNS and consequently has a very high
energy demand [32, 33]. Therefore, the large availability of oxygen during HBOT may enhance the per-
formance of the retina, even in healthy controls.

It is important to note that electrophysiological experiments were carried out one week after the final
HBOT session, thus seven days where the animals had been breathing normal atmospheric air: therefore,
the observed effects of HBOT cannot be caused by potential effects of elevated dissolved oxygen per se at
the time of recording.

In the peripheral nerves, only DM had a statistically significant effect, and only on conduction speeds,
not RMS levels. Differences in vascularization compared with the retina may explain the lack of effect of
HBOT in peripheral nerves. The high energy demand mentioned and the need to remove heat conducted
by light to the retina necessitates high blood perfusion to the retina. Therefore, the large increase in dis-
solved oxygen, caused by HBOT, can most likely reach the entire retina in relatively short time, which is in
contrast to peripheral nerves, where no special vascular structures exist. As such, the relative short burst of
elevated oxygen may be of too short duration to deliver sufficient oxygen necessary to improve peripheral
nerve function, even though animals of the sizes used in this study should become saturated relatively
quickly (well within the intervention period) [34].

The histological analyses showed increased myelin in HBOT animals, and that DM had no significant
effect on myelination. As mentioned, the only statistically significant effect on the peripheral nerves, re-
garding electrophysiology, was caused by DM. The degree of myelination in untreated nerves, both in
healthy and diabetic animals, was sufficient to maintain conduction speeds because the nerves of
HBOT-animals did not display higher conduction speeds compared to those who were not subjected to
HBOT. Also, the lack of any effect of DM in the histological evaluation suggested that whatever electro-
physiological effects caused by DM in the peripheral nerves, it was either: not visible at the sites of histo-
logical examination, but perhaps present at a more distal point of the nerves, and/or caused at the molecu-
lar level. As the development time for DR and DN using the induction method described here is not
known whether the effects observed were strictly metabolic or in part caused by tissue damage/changes
caused by DM.

Our findings support previous studies about the effect of HBOT on DR and DN. One study reported
positive effect of HBOT on the breakdown of the blood-retina barrier found in DR [35] and this reduced
breakdown could explain the improved retinal function in HBOT treated animals. Similar to our study,
the authors also used an STZ diabetic rat model, but applied a different HBOT protocol (2.5 atm of 100%
O, for 90 min, Monday, Wednesday and Fridays for 3 months). Therefore, a more significant effect of
HBOT could possibly have been found if a more intense HBOT regime had been used, as in the present
study. Other studies have shown positive but passing effect of HBOT upon DR [36]. In light of this, we
found it interesting that our study showed positive effect of HBOT 7 days post HBOT cessation.

Our finding of no effect of HBOT on conduction speed of the motor neurons is in line with the find-
ings by Low et al. [22], who further reported improved nerve evoked potential amplitudes, however, uti-
lizing a different measure for amplitude in that recordings were carried out in the connecting muscles and
not in the nerves themselves. When recording in muscles, MEP RMS levels are indirect measures of the
ability of the motor neuron to produce action potentials [37]. Our choice of measuring in muscle was
based on expedience as measurement of MEPs from muscles is a relatively simple and robust procedure.
Likewise, our approach would allow measurements of motor nerves to the most distal parts of the motor
nerves, increasing the likelihood of detecting neuropathic abnormalities.
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The measurements used to study the effects of DM in peripheral nerves (conduction speed and MEP
RMS) were chosen because these measures can detect well-known consequences of DN; 1) demyelination,
which causes slowing of action potentials [38] and decreased amplitude of the compound action potential
due to dispersion of the individual action potentials; and 2) axonal loss, which also leads to decreased am-
plitude of compound action potential, a reduced release of acetylcholine in the neuromuscular junction,
and reduced MEP [39].

An important consideration regarding HBOT is hyperoxia-induced vasoconstriction. The causes of
hyperoxia vasoconstriction are multifaceted, including: 1) reduction of nitric oxide radicals, leading to de-
creased vasorelaxant effect; 2) alteration of vasodilator compounds causing net vasoconstriction [40]; and
3) increased sympathetic tone from the CNS resulting in vasoconstriction [41]. Vasoconstriction is there-
fore a well-documented consequence of hyperoxia. Vasoconstriction will potentially counteract effective
oxygen delivery during HBOT if the effect is not outweighed by the increased dissolved blood oxygen de-
livery. As such, there could exist an equilibrium between these opposing forces, where the effects will (de-
pendent upon oxygen tension) become either positive [42, 43] or deleterious [44] to nervous and retinal
performance. This mechanism may also explain the difference in the electrophysiological results in the
peripheral nerves and eyes. Depending on the degree of vascularization and possible differing vasocon-
striction, there may be positive effect of HBOT in one tissue type, and no effect in another.

A further consideration regarding HBOT as a feasible treatment for DR and DN is oxygen toxicity.
Oxygen toxicity causes harmful effects in various tissues, including the CNS, lungs and eyes [45]. These
detrimental effects put a severe restriction upon the use of HBOT and the duration of treatment. Further-
more, the act of increasing and decreasing blood oxygen tension during HBOT sessions likely causes a
myriad of secondary responses and processes (hyperoxic conditioning), which if used in humans, needs to
be understood and examined for possible detrimental effects.

5. CONCLUSION

In conclusion, we found a beneficial effect of HBOT on DR as well as increased myelination in peri-
pheral nerves of rats following STZ induced DM. No significant beneficial effect of HBOT was found on
peripheral nerve conduction. Future studies should combine DM animal models and long-term HBOT
regimens.
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