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Purpose: In this study, we used broadband near-infrared spectroscopy, a non-invasive
optical technique, to investigate in real time the possible role of neuroglobin in retinal
hemodynamics and metabolism.

Methods: Retinae of 12 C57 mice (seven young and five old) and seven young
neuroglobin knockouts (Ngb-KOs) were exposed to light from a low-power halogen
source, and the back-reflected light was used to calculate changes in the concentra-
tionof oxygenatedhemoglobin (HbO2), deoxygenatedhemoglobin (HHb), andoxidized
cytochrome c oxidase (oxCCO).

Results: The degree of change in the near-infrared spectroscopy signals associatedwith
HHb, HbO2, and oxCCOwas significantly greater in young C57mice compared to the old
C57 mice (P < 0.05) and the Ngb-KOmodel (P < 0.005).

Conclusions: Our results reveal a possible role of Ngb in regulating retinal function, as
its absence in the retinae of a knockout mousemodel led to suppressed signals that are
associated with hemodynamics and oxidative metabolism.

Translational Relevance: Near-infrared spectroscopy enabled the non-invasive detec-
tion of characteristic signals that differentiate between the retina of a neuroglobin
knockout mousemodel and that of a wild-typemodel. Further work is needed to evalu-
ate the source of the signal differences and how these differences relate to the presence
or absence of neuroglobin in the ganglion, bipolar, or amacrine cells of the retina.

Introduction

Neuroglobin (Ngb) is a neuron-specific, oxygen-
binding globin protein that was discovered in 2000.1,2
Ngb concentration has been reported to be 100 times
greater in the retina than in the brain, which suggests
that an important function for Ngb would exist within
the retina and that the Ngb knockout (Ngb-KO) would
be the optimal model to study the role of this globin
in the retina. The concentration of Ngb in the retina
is ∼50- to 100-fold greater than that found in the
brain, and its distribution strongly correlates with the
localization of mitochondria and with relative oxygen
demand.3,4 The function of Ngb is not yet fully under-
stood, but different studies suggest its critical role in

mitochondrial oxidative metabolism and neuroprotec-
tion, acting as an oxygen reservoir and a sensor to
detect cellular oxygen concentration in order to protect
neurons against hypoxia and oxidative stress.5,6

Neuroglobin is able to interact with reactive oxygen
species and nitric dioxide and is able to avert
cytochrome c–induced apoptosis.6 Seventy percent of
Ngb is found in the mitochondrial compartment of
the cell (neuron), and Ngb knockdown in primary
ganglion cell cultures leads to compromised cell
survival.5

Ngb expression has been measured in vitro in
human and murine models; however, in vivo studies
are highly valuable in the pursuit of gaining a better
understanding of its mechanism and function. Interest
in the possible roles of Ngb in the retina was renewed
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after a study in 2012 revealed Ngb immunoreactivity in
some ganglion, bipolar, and amacrine cells in the inner
nuclear layers through the use of a highly validated
Ngb antibody and an Ngb-null mouse.7

Here, we examined Ngb-deficient and control
young and old C57 Bl mice using broadband near-
infrared spectroscopy (bNIRS) as a non-invasive
optical technique to further understand the role of Ngb
in normal retinal hemodynamics and metabolism.

bNIRS scans over 100 to 120 wavelengths at
1-nm resolution in the near-infrared region were used
to measure relative changes in the tissue concentra-
tion of oxygenated hemoglobin (HbO2) and deoxy-
genated hemoglobin (HHb) and to provide infor-
mation on mitochondrial oxidative metabolism by
measuring changes in oxidized cytochrome c oxidase
(oxCCO) with higher accuracy compared to conven-
tional two- to three-wavelength NIRS systems.8 In this
study, we used a previously describedminiature bNIRS
system, miniCYRIL,9,10 to investigate and compare
normal retinal function inC57mice, as well as in aNgb-
KO model.

Methods

Ngb-deficient mice were generated as previously
described.7,11 They had a genomic deletion of Ngb
exons 2 and 3, resulting in a lack of Ngb protein.
The mice were used with University College London
ethics approval and under a UK Home Office project
license (PPL 70/8379). All procedures conformed to
the United Kingdom Animal License Act (1986), local
regulations, and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Near-Infrared Spectroscopy

Seven young C57mice (6–7months old) and five old
C57 mice (22 months old), as well as seven young Ngb-
KOmice were anesthetized with 0.3mL of amixture of
6% ketamine and 10% Domitor (National Veterinary
Services, Stoke-on-Trent, UK) and 84%H2O at 5 μm/g.
The pupils were dilated with 1% tropicamide (Bausch
& Lomb, Montpellier, France), and the cornea was
lubricated with Viscotears (Novartis, Basel, Switzer-
land). Mice were unrestrained and placed on their
side for real-time measurement of retinal oxygenation
and hemodynamics, as well as metabolism, embedded
in light within the 780- to 900-nm range using the
miniCYRIL.

A schematic of the experimental set up is presented
in Figure 1. Experiments were performed in a darkened

room (total irradiance, ∼ 2 × 10−4 W/m2), and a
white light source (HL-2000; Ocean Optics, Dunedin,
FL) was used to illuminate the retina with a yellow
filter to remove the short wavelengths (cut-off, ∼<500
nm). Two custom-made optical fibers (engionic Fiber
Optics, Berlin, Germany) were placed in front of the
eye, mounted on stereotaxic probe holders at ∼40°
to each other and perpendicular to the cornea to
avoid specular reflection. The first fiber transmitted
light from the source to the retina, and the second
collected the back-reflected light and transmitted it to
the spectrometer carrying within it metrics of oxygena-
tion and metabolism (HbO2, HHb, and oxCCO),
whichwere quantified using theUCLn algorithmbased
on a modified Beer–Lambert law equation12 described
in Equation 1:

�C = �A (λ) · ε (λ) · pathlength (λ) (1)

UCLn is a least-squares regression analysis, which
finds the best fit of chromophore concentration change
�C, using the chromophore extinction coefficient,
ε(λ); the measured change in attenuation, �A(λ), over
120-nm intervals covering 780 to 900 nm; and the
optical pathlength of light through the tissue at each
wavelength (λ).13

Here, the optical pathlength is different from the
axial length of the eye, as the NIR light (780–900
nm) goes through multiple scatterings which adds to
the pathlength. Also, the actual penetration depth is
unknown, and computational modeling is required
to estimate the optical pathlength; hence, all of the
measurements of concentration are expressed in μM ×
cm. The old C57 mice and KO mice had clear visual
axes, and no lens clouding was observed at the end of
each experiment.

Experiments were performed and analyzed in
MATLAB 2018b (MathWorks, Natick, MA). Spectral
data from the retinae of mice were collected every
second, and real-time changes in HHb-, HbO2-,
and oxCCO-associated signals were recorded for 1
hour. The range of change in concentration of these
chromophores was calculated over 1 hour, and the
groups were compared using non-parametricWilcoxon
rank-sum tests.

Histology

The retinae from perfusion phosphate-buffered
saline (PBS) buffered, formalin-fixed Ngb-KO andWT
mice were halved and cryopreserved in 30% sucrose in
PBS for 5 days, when they were sectioned on a freez-
ing stage microtome in four series of 4-μm sections and
mounted on chrome-gelatin–coated object slides.
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Figure 1. Schematic of the broadband NIRS experimental setup. Light (>500 nm) was delivered to the mouse’s dilated pupil through an
optical fiber. The reflected light (700–1000 nm) was collected via an identical optical fiber from the surface of the eye and delivered to
a miniature spectrometer. The spectral data were transferred to a laptop, and real-time changes in the concentration of HbO2, HHb, and
oxCCO were calculated every second from the relative changes in the attenuation of light between 780 and 900 nm.

Immunostaining

Sections were immunostained with a rabbit anti-
Ngb antibody (made in-house, #4836; characterized by
Hundahl et al.11); the antibody was diluted 1:30,000
in PBS plus 1% human serum albumin (hSA) plus
0.1% sodium azide and 0.1% Triton X-100 (hSA-
PTA). Sections were rinsed in PBS for 10 minutes
and incubated in 1% H2O2 in PBS for 5 minutes.
Sections were rinsed three times in PBS for 10 minutes
and preincubated in hSA-PTA for 1 hour before the
primary antibody was added. Sections were incubated
in primary antibody (i.e., rabbit anti-Ngb) overnight
at 4°C and then rinsed three times in hSA-PTA for
10 minutes before being incubated with the secondary
F(ab′)2 donkey anti-rabbit antibody (#711-066-152;
Jackson ImmunoResearch Laboratories, West Grove,
PA) diluted 1:2500 in hSA-PTA for 1 hour at room
temperature. Sections were then washed three times in
hSA-PTA and incubated for 1 hour at room temper-
ature in an avidin–biotin complex (VECTASTAIN
Elite ABC HRP Kit; Vector Labs, Burlingame, CA)
diluted 1:50 in PBS. The sections were then rinsed three

times in PBS and incubated for 15 minutes in 0.05%
diaminobenzidine (Sigma-Aldrich, St. Louis,MO) plus
0.0001% H2O2. The chromogene reaction was stopped
by washing 5 minutes in PBS plus 1% H2O2 followed
by rinsing in Milli-Q water (MilliporeSigma, Burling-
ton, MA). Hematoxylin was used for counterstaining
(see Fig. 3).

Results

Near-Infrared Spectroscopy

Baseline measurements of young and old C57 mice
and young Ngb-KOs are presented in Figures 2a, 2b,
and 2c, respectively. The signals show relative changes
in HHb, HbO2, and oxCCO in the retinae of mice.
The magnitude of signal change for all three markers
for retinal hemodynamics andmetabolism in the young
C57 mice is remarkably greater compared to both the
old C57 mice and the Ngb-KO mice. The mice in each
group included both sexes; however, as expected, there
were no sex differences in the metrics measured.
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Figure 2. The role of Ngb in retinal hemodynamics and metabolism. (a, top to bottom) Baseline changes in retinal signals for HHb, HbO2,
andoxCCO in youngC57mice (n=7). (b, top tobottom)Changes inHHb,HbO2, andoxCCO inoldC57mice (n=5). (c, top tobottom)Changes
in HHb, HbO2, and oxCCO and young Ngb-KOs (n = 7). The greatest variation in all of the signals was observed in the young C57 mice; the
signals were notably suppressed in the old mice and the Ngb-KOs. (d) Group data showing the range of signal change for concentrations of
HHb, HbO2, and oxCCO during themeasurement period (1 hour). The range of signal change for each chromophore is compared against the
corresponding value in the young C57 group using non-parametric Wilcoxon rank-sum tests. *P < 0.05; **P < 0.005. Error bars are standard
errors of the mean.
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Figure 3. Retina sections were obtained and immunostaining was carried out as described in the Methods section. Scale bar: 100 μm. (a)
Wild-type (WT)mouse retina section. Ngb-immunoreactivity (IR) nerve fiber staining (bold arrows), Ngb-IR cell body staining in GCL (arrows),
and INL (arrows). (b) Ngb-KOmouse retina section. INL, inner nuclear layer; ONL, outer nuclear layer; GCL, ganglion cell layer.

Group data also confirmed the significantly greater
range of change (variability) in the signal, which can be
attributed to the concentrations of HbO2, HHb, and
oxCCO over an hour.

Neuroglobin Immunostaining of the Retina

The expression of Ngb in the wild-type mouse
retinae was sparse and restricted to two layers. Strong
Ngb immunoreactivity was seen in both perikarya
and processes of a subpopulation of neurons in the
ganglion cell layer and in amacrine cells of the inner
nuclear layer (Fig. 3a). No Ngb immunostaining was
seen in the Ngb-KO mouse retina (Fig. 3b). The
antibody and its use have been previously validated.7

Discussion

In this study, we examined neuroglobin-deficient
(null) and control C57Blmice to assess real-time retinal
oxygenation and metabolism using broadband NIRS
inNgb-KOs, as well as agedmice compared with young
mice. The range of signal changes for concentrations
of HHb, HbO2, and oxCCO was significantly reduced
in the aged and the Ngb-KO models. The difference in
the range of signal changes between young C57 mice
and other groups became statistically significant from
the first 20 minutes of the measurement; at 1 hour,
the Ngb-KO mice had the lowest range of change in
their blood and mitochondrial signals. These results

are consistent with Ngb playing a role in modulating
oxygen homeostasis, perhaps in response to differing
metabolic demands of the retina.

During the measurement, the retina was continu-
ously illuminated by low-power light (>500 nm), which
revealed notably large variations in the signals for the
concentration of HbO2, HHb, and oxCCO in young
C57 mice. This could be due to the high expression of
neuroglobin acting as an oxygen sensor in the ganglion
cell layer and inner nuclear cell layer,14,15 continuously
detecting oxygen concentrations at the cellular level
and adjusting the supply to the retinal neurons accord-
ingly.

The old C57 mice showed significantly suppressed
variability in their retinal hemodynamics (changes
in HHb and HbO2 NIRS signals) and oxidative
metabolism (changes in oxCCO) in contrast to the
young mice, which could be due to the decreased Ngb
expression in the retinae of old mice, the same way that
it is shown to be reduced in the aged rodent brain.16
Likewise, the Ngb-KOs showed the smallest variation
in their retinal hemodynamics and metabolism during
the measurement, which could be due to the lack of
Ngb to regulate oxygen metabolism.

Although the results we present are clear, there
is much that remains unknown. We cannot exclude
the possibility that differences in the range of relative
concentration signals are not the result of differ-
ences in the spectroscopic features associated with
age and/or the absence of Ngb as a NIRS absorber
in the retina. These may affect light scattering and
absorption leading to varied pathlength and are

Downloaded from tvst.arvojournals.org on 07/13/2022



Neuroglobin Knockout NIRS Study TVST | July 2022 | Vol. 11 | No. 7 | Article 2 | 6

determining parameters in the intensity and features of
the back-reflected light from which the relative concen-
tration of absorbers are quantified. We are not aware
of any difference in neuroglobin distribution associ-
ated with the sex of the mice nor of any differences
related to the NIRS technique described here. Regard-
less of the underlying mechanism behind the differ-
ent hemodynamics and oxidative metabolism signals
between normal and Ngb-KOmice, our results suggest
that Ngb plays a role in retinal metabolism and,
as such, potentially also retinal function. Although
our technology does not provide a direct measure-
ment of neuroglobin, the range of change in blood
and mitochondrial signals (HHb, HbO2, and oxCCO)
could provide a reliable real-time marker to investigate
the way Ngb governs and regulates retinal oxygena-
tion and metabolism in vivo. Therefore, our method-
ology may be a useful real-time technique to further
study Ngb function in healthy normal aging and in
disease. Further work will be needed to evaluate the
source of the signal differences and how this relates to
the presence or absence of neuroglobin in the ganglion,
bipolar, or amacrine cells of the retina.

Acknowledgments

The authors thank Aimee Parker for her assistance
andChris Cooper for advice, discussion, and invaluable
comments.

Supported by a Medical Research Council (MRC),
Clinical Academic Research Partnership (CARP)
Award MR/T005319/1 to RR), grants from the
Lundbeck Foundation Denmark (R77-A7108 and
R151-2013-14805 toAH-S); and by SightResearchUK
(PK and GJ).

Disclosure: P. Kaynezhad, None; G. Jeffery, None;
J. Bainbridge, None; S. Sivaprasad, None; I. Tachtsidis,
None; A. Hay-Schmidt, None; R. Rajendram, None

References

1. Burmester T, Welch B, Reinhardt S, Hankeln T.
A vertebrate globin expressed in the brain.Nature.
2000;407:520–523.

2. Moens L, Dewilde S. Globins in the brain.Nature.
2000;407:461–462.

3. Schmidt M, Giessl A, Laufs T, Hankeln T,
Wolfrum U, Burmester T. How does the eye
breathe? Evidence for neuroglobin-mediated oxy-

gen supply in the mammalian retina. J Biol Chem.
2003;278:1932–1935.

4. Rajendram R, Rao NA. Neuroglobin in nor-
mal retina and retina from eyes with advanced
glaucoma. Br J Ophthalmol. 2007;91:663–
666.

5. Wei X, Yu Z, Cho K-S, et al. Neuroglobin is an
endogenous neuroprotectant for retinal ganglion
cells against glaucomatous damage. Am J Pathol.
2011;179:2788–2797.

6. Yu Z, Poppe JL, Wang X. Mitochondrial mecha-
nisms of neuroglobin’s neuroprotection.OxidMed
Cell Longev. 2013;2013:1–11.

7. Hundahl CA, Fahrenkrug J, Luuk H, Hay-
Schmidt A, Hannibal J. Restricted expression
of neuroglobin in the mouse retina and co-
localization with melanopsin and tyrosine
hydroxylase. Biochem Biophys Res Commun.
2012;425:100–106.

8. Bale G, Elwell CE, Tachtsidis I. From Jöbsis to the
present day: a review of clinical near-infrared spec-
troscopy measurements of cerebral cytochrome-c-
oxidase. J Biomed Opt. 2016;21:091307.

9. Kaynezhad P, Mitra S, Bale G, et al. Quantifi-
cation of the severity of hypoxic-ischemic brain
injury in a neonatal preclinical model using mea-
surements of cytochrome-c-oxidase from a minia-
ture broadband-near-infrared spectroscopy sys-
tem. Neurophotonics. 2019;6:1.

10. Kaynezhad P, Tachtsidis I, Aboelnour A,
Sivaprasad S, Jeffery G. Watching syn-
chronous mitochondrial respiration in the
retina and its instability in a mouse model
of macular degeneration. Sci Rep. 2021;11:1–
11.

11. Hundahl CA, Luuk H, Ilmjärv S, et al.
Neuroglobin-deficiency exacerbates Hif1A and
c-FOS response, but does not affect neuronal
survival during severe hypoxia in vivo. PLoS One.
2011;6:e28160.

12. Delpy DT, Cope M, van der Zee P, Arridge
S, Wray S, Wyatt J. Estimation of optical
pathlength through tissue from direct time of
flight measurement. PhysMed Biol. 1988;33:1433–
1442.

13. Matcher SJ, Elwell CE, Cooper CE, Cope
M, Delpy DT. Performance comparison of
several published tissue near-infrared spec-
troscopy algorithms. Anal Biochem. 1995;227:54–
68.

14. Schmidt M, Laufs T, Reuss S, Hankeln T,
Burmester T. Divergent distribution of cytoglobin
and neuroglobin in the murine eye. Neurosci Lett.
2005;374:207–211.

Downloaded from tvst.arvojournals.org on 07/13/2022



Neuroglobin Knockout NIRS Study TVST | July 2022 | Vol. 11 | No. 7 | Article 2 | 7

15. Bentmann A, Schimdt M, Reuss S, Wolfrum U,
Hankeln T, Burmester T. Divergent distribution
in vascular and avascular mammalian retinae links
neuroglobin to cellular respiration. J Biol Chem.
2005;280:20660–20665.

16. Sun Y, Jin K, Mao XO, et al. Effect of aging on
neuroglobin expression in rodent brain. Neurobiol
Aging. 2005;26:275–278.

Downloaded from tvst.arvojournals.org on 07/13/2022


