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ABSTRACT
Introduction: The quantification of intraepithelial corneal basal nerve parameters by
in vivo confocal microscopy represents a promising modality to identify the earliest
manifestations of diabetic peripheral neuropathy. However, its diagnostic accuracy is
hampered by its dependence on neuron length, with minimal consideration for other
parameters, including the origin of these nerves, the corneal stromal-epithelial nerve
penetration sites. This study sought to utilize high-resolution images of murine corneal
nerves to analyze comprehensively the morphological changes associated with type 2
diabetes progression.
Materials and Methods: bIII-Tubulin immunostained corneas from prediabetic and
type 2 diabetic mice and their respective controls were imaged by scanning confocal
microscopy and analyzed automatically for nerve parameters. Additionally, the number
and distribution of penetration sites was manually ascertained and the average length of
the axons exiting them was computed.
Results: The earliest detectable changes included a significant increase in nerve density
(6.06 – 0.41% vs 8.98 – 1.99%, P = 0.03) and branching (2867.8 – 271.3/mm2 vs
4912.1 – 1475.3/mm2, P = 0.03), and in the number of penetration sites (258.80 – 20.87
vs 422.60 – 63.76, P = 0.0002) at 8 weeks of age. At 16 weeks, corneal innervation
decreased, most notably in the periphery. The number of penetration sites remained
significantly elevated relative to controls throughout the monitoring period. Similarly,
prediabetic mice exhibited an increased number of penetration sites (242.2 – 13.55 vs
305.6 – 30.96, P = 0.003) without significant changes to the nerves.
Conclusions: Our data suggest that diabetic peripheral neuropathy may be preceded
by a phase of neuron growth rather than regression, and that the peripheral cornea is
more sensitive than the center for detecting changes in innervation.

INTRODUCTION
Diabetes is a leading public health concern causing significant
and increasing morbidity and mortality. A substantial component
of this is attributable to the complications of diabetes, which
include diabetic peripheral neuropathy (DPN). DPN affects up to
51% of diabetic adults over their lifetime and increases their risk
of developing neuropathic ulcers and requiring lower limb

amputations1. Investigations that can diagnose and monitor
advanced DPN are well established, however, methods for identi-
fying the earliest subclinical stages, where interventions would
have the most impact, remain elusive2. As part of the peripheral
nervous system, corneal nerves are affected in DPN and therefore
represent a promising surrogate structural biomarker for detect-
ing and monitoring its development3.
The presence of hyper-reflective nerve fibers within the

external and transparent cornea conveniently enables theirReceived 21 November 2022; revised 16 December 2022; accepted 1 January 2023

ª 2023 The Authors. Journal of Diabetes Investigation published by Asian Association for the Study of Diabetes (AASD) and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 14 No. 4 April 2023 591
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution
in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

ORIGINAL ARTICLE

https://orcid.org/0000-0002-8560-7981
https://orcid.org/0000-0002-8560-7981
mailto:
https://doi.org/10.1111/jdi.13974
http://creativecommons.org/licenses/by-nc-nd/4.0/


visualization with minimally invasive in vivo confocal micro-
scopy (IVCM)4. Since the pioneering study by Ahmed et al.5,
where they achieved a diagnostic accuracy of 85% sensitivity
and 84% specificity, most investigations have failed to reach or
significantly improve upon their results6. Previous studies have
predominantly relied on corneal nerve fiber length to discrimi-
nate between healthy subjects and patients with diabetes6. How-
ever, the lack of improvement indicates an inherent diagnostic
limitation of this metric. Additionally, nerve length is reduced
in a plethora of other peripheral neuropathies and neurodegen-
erative conditions7. Accordingly, when used as a screening tool,
the lack of specificity associated with nerve fiber length could
be problematic in distinguishing between different etiologies.
A promising approach to overcoming these shortcomings is

to identify new corneal nerve parameters. Mouse models repre-
sent an excellent avenue to pursue this ambition, since high-
resolution immunostained images of neurons from the entire
cornea of euthanized mice can be acquired using ex vivo scan-
ning confocal microscopy. This technique allows for up to five
times more nerve fibers to be captured compared with IVCM8,
rendering it ideal for comprehensive morphological analysis of
the intra-epithelial corneal basal nerves (ICBN). Combined with
our murine-specific analytical modality, called noise-based seg-
mentation (NoBS)9, both traditional and new neuronal features
can be measured. To this end, we hypothesized that longitudi-
nal analyzes of db/db mice, which represent a severe form of
type 2 diabetes, as well as a cohort of mice fed a high-fat diet
(HFD), representing an insulin-resistant prediabetic state, would
facilitate a thorough characterization of ICBN changes seen in
the progression of type 2 diabetes. In addition to previously
used parameters, we included three new neural measurements
to quantify ICBNs, including corneal stromal-epithelial nerve
penetration sites (CSENPS) density, average fiber length/
CSENPS, and axonal alignment. Analysis of these variables
unexpectedly revealed an initial phase of neuron expansion dur-
ing the early stages of type 2 diabetes before their anticipated
degeneration. This phase may be important in identifying the
earliest manifestations of DPN, and in conjunction with new
parameters, could increase the sensitivity and specificity of
IVCM. If translated to humans, these findings could facilitate
earlier diagnosis of DPN and thus assist in reducing disease
associated morbidity and mortality.

MATERIALS AND METHODS
Animals used and study design
Two animal models were used to identify and characterize the
morphological changes in ICBNs associated with progressing
type 2 diabetes. Notably, to reduce the number of animals used
in experiments, all corneas were acquired via tissue sharing
arrangements.

Model 1: Homozygous B6/BKS(D)-Leprdb/J (db/db) (n = 18)
and littermate homozygous wild-type control (+/+) (n = 17)
mice were obtained from The Jackson Laboratory (Bar

Harbor, ME, USA) and were provided with standard chow
(Specialty Feeds, Glen Forrest, WA, Australia) and water
ad libitum. At 8, 16, and 32 weeks (n ≥ 5/group/time
point), random blood glucose was measured using a glu-
cometer (Accu-chek Performa II; Roche, Basel, Switzerland),
mice were deeply anesthetized, euthanized by cervical dislo-
cation and their eyes enucleated.

Model 2: Wild-type (C57BL/6J background) from
Gpr37l1tm1d(EUCOMM)Wtsi/Gpr37l1+ parents (MGI: 6150820)
mice (n = 12), as used by Mouat et al.10, were fed a stan-
dard chow diet with 16% fat (Specialty Feeds) for 9 weeks.
At 9 weeks of age, they were randomly divided into two
groups; a HFD group (n = 5) and a control group (n = 7),
which continued to receive standard chow. The HFD was
formulated in-house based on rodent diet no. D12451
(Research Diets Inc., New Brunswick, NJ, USA) and con-
tained 49% fat (Table S1). After 12 weeks (i.e., at 21 weeks
of age), fasting blood glucose levels were measured using a
blood glucometer, then mice were anesthetized, euthanized
by cervical dislocation and their eyes enucleated.

Immunofluorescence
In brief, to identify ICBNs, resected corneas were incubated
with 4 lg/mL of primary polyclonal rabbit anti-mouse bIII-
tubulin antibody (Clone No. T2200; Sigma-Aldrich, St. Louis,
MO, USA), then 10 lg/mL of goat anti-rabbit Alexafluor568-
conjugated secondary antibody (Invitrogen, Carlsbad, CA,
USA). They were counterstained with 10 lg/mL Hoechst
33342 (ThermoFisher Scientific, Waltham, MA, USA). Full
details are provided in Appendix S1.

Image acquisition
One eye from each animal was imaged on a scanning confocal
microscope (LSM 780 or LSM 880; Carl Zeiss, Oberkochen,
Germany) using a 209 (0.8 numerical aperture) air objective
lens. The signal arising from the Alexafluor568-conjugated sec-
ondary antibody was captured with a 561 nm laser and 570–
610 nm emission filter, while the Hoechst 33342 nuclei coun-
terstain was acquired with a 405 nm laser and 430–470 nm
emission filter. For each cornea, two 425 9 425 lm Z-stacks
extending from the endothelium through to the superficial
epithelium were taken. One encompassing the ICBNs that form
the whorl and another of the peripheral fibers, ~200 lm from
the limbus in the first quadrant (Figure S1a,b,d). Finally, a
multi-slice tile scan encompassing the entire cornea, from the
mid-stroma through to the superficial epithelium was taken.
From this, three 425 9 425 lm Z-stacks from the remaining
three quadrants were extracted in Zen black (Carl Zeiss).

Image analysis
A maximum intensity projection of the bIII-tubulin channel
was generated from each Z-stack of the slices containing ICBNs
(i.e., excluding axons within the stroma and superficial intra-
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epithelial corneal nerve terminals (ICNT; Figure S2) in ImageJ
(National Institute of Health, Bethesda, MD, USA). Images of
the whorl and peripheral ICBNs were quantified via our in-
house developed ImageJ plugin, NoBS9 to determine their total
length, density, number of branch points, and alignment.
Length comprises the sum of all ICBNs present in the image
(mm/mm2). Density is a measure of nerve occupancy,
expressed as a percentage and represents the proportion of pix-
els in the image that belong to ICBNs. Branch points include
any region where two or more bones meet (number/mm2).
Alignment was measured by comparing the angle of orientation
of each ICBN pixel to all others in the image. The more similar
they were to each other, the higher the score, on a unitless scale
of 0–1 for each image9.

Analysis of corneal stromal-epithelial nerve penetration sites
Corneal stromal-epithelial nerve penetration sites (CSENPS)
were manually identified by one of the authors (J.M.) using the
same method as described previously9 with a minor modifica-
tion. Instead of using a maximum intensity projection, each
slice of the bIII-tubulin-stained whole flat-mounted cornea was
individually analyzed to prevent superficial structures from
obstructing the CSENPS (Figure S2). The total number of
CSENPS in each cornea was recorded, as were their locations
(central or peripheral) (Figure S1a,b). To determine the average
length of ICBNs exiting from the CSENPS, the length (length/
mm2) was divided by the number of CSENPS (CSENPS/mm2),
yielding the length/CSENPS. This calculation was performed
independently in both the center and periphery. Additional
details of CSENPS identification are provided in Appendix S1.

Statistical analysis
Statistical analysis was performed using Prism v9.0.2 software
(GraphPad, La Jolla, CA, USA). A two-way ANOVA with Tukey’s
correction for multiple comparisons was used to compare nerve
parameters, blood glucose, and the number of CSENPS
between db/db and +/+ mice. The distribution of CSENPS was
compared using a two-way ANOVA with Tukey’s correction for
each time point separately. To compare mice fed a standard
diet and those fed a HFD, unpaired t-tests were used to evalu-
ate nerve parameters, blood glucose, and the number of
CSENPS. A two-way ANOVA with Tukey’s correction for multi-
ple comparisons was used to compare the CSENPS distribution.
Data were reported as mean – SD and regarded statistically sig-
nificant when P < 0.05.

RESULTS
Intraepithelial corneal nerve fiber growth and regression in
type 2 diabetes
The db/db mouse represents a severe model of type 2 diabetes,
with profound hyperglycemia (Figure S3a) and is used widely
in preclinical research for its accurate recapitulation of the
metabolic events that define the human form of this disease11.
Accordingly, this model was employed to evaluate and quantify

changes undergone by ICBNs in aging db/db mice compared
with +/+ in order to magnify any subtle changes. In 8-week-old
db/db mice, a strikingly visible increase in innervation was
observed relative to controls. This phenomenon was more pro-
nounced in the periphery (Figure 1a,g) but was also evident at
the central whorl (Figure 1d,j). At 16 weeks of age, the effect
subsided with no prominent visual change between the db/db
mice and controls in terms of total nerve length, density,
branching, or alignment (Figure 1b,e,h,k). Similarly, 32-week-
old db/db mice demonstrated no significant aberrations in
ICBN features relative to their control counterparts (Figure 1c,f,
i,l).
Next, NoBS was applied to quantify these observations. At

8 weeks of age, a moderate increase in nerve fiber length and a
statistically significant increase of 48% in density (6.06 – 0.41%
vs 8.98 – 1.99%, P = 0.03) and 71% in branch points
(2867.8 – 271.3/mm2 vs 4912.1 – 1475.3/mm2, P = 0.03) was
computed in the periphery (Figure 1m–o), with no significant
increase observed at the whorl (Figure 1q–s). At 16 weeks, the
initial increase in nerve parameters dissipated, with no signifi-
cant changes in ICBN length, density, or branching in db/db
mice compared with controls in the periphery or at the whorl.
Likewise, no significant differences were found between the db/
db mice and controls across all three ICBN parameters in 32-
week-old mice. To further characterize the ICBNs, the local
alignment of the same nerves was determined. No significant
change in this feature was observed at either the whorl or
periphery at all time points analyzed (Figure 1p,t).

Type 2 diabetes triggers an increase in the number of
CSENPS and dynamic changes to ICBNs exiting these sites
Previous reports claim that the peripheral cornea harbors more
CSENPS than the central region12,13. This disproportionate dis-
tribution could explain why changes in nerve growth and
degeneration are more substantial in the periphery. To investi-
gate this hypothesis, the number, morphology, and distribution
of CSENPS was ascertained. The total number of CSENPS sig-
nificantly increased in db/db mice relative to controls at 8
(258.80 – 20.87 vs 422.60 – 63.76, P = 0.0002), 16
(263.83 – 38.31 vs 435.67 – 81.91, P < 0.0001), and 32 weeks
(298.33 – 38.31 vs 430.00 – 40.42, P = 0.001) by 63%, 65%,
and 44%, respectively (Figure 2a). Evaluation of the geographi-
cal distribution of CSENPS revealed no difference in their den-
sity in the periphery compared with the center at each time
point, within each group (Figure 2b).
The ICBNs emerging from CSENPS in the db/db mice at

8 weeks were morphologically similar to those from age-
matched +/+ animals at both the whorl and in the periphery
(Figure 1). Analysis of the ICBN length exiting each CSENPS
supports this observation, with no change identified between
the two groups (Figure 2c,d). At 16 weeks, db/db mice exhib-
ited severely truncated ICBNs, most notably in the periphery,
resulting in a significant 47% decrease in ICBN length exiting
the CSENPS relative to +/+ mice (2.19 – 0.77 mm vs
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Figure 1 | Intraepithelial corneal innervation in mice with type 2 diabetes. Corneas from 8-, 16-, and 32-week-old +/+ control (a–f) and db/db (g–l)
mice (n = 5–6/group) were resected from euthanized mice and immunostained with bIII-tubulin. After imaging, they were analyzed by NoBS
(green trace) for various nerve parameters within the peripheral cornea (a–c and g–i) and at the whorl (d–f and j–l). Nerve fiber measurements
included length (m and q), density (n and r), branch points (o and s), and alignment (p and t). White (+/+ control) and black (db/db) circles repre-
sent individual mice. Overlying red lines and plungers represent mean – SD (Scale bar = 100 lm); *P < 0.05.
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1.15 – 0.35 mm, P = 0.01). At 32 weeks of age, CSENPS from
both groups exhibited truncated ICBNs with no differences
computed between the groups in either location.

Prediabetes minimally impacts intraepithelial corneal basal
nerves
Mice fed a high-fat diet develop mild hyperglycemia (Fig-
ure S3b), hyperlipidemia, hyperinsulinemia, obesity, and
impaired glucose tolerance, making them an ideal model to
study prediabetes14. Previous studies15–17 demonstrated reduced
corneal nerve density in these mice. However, there is a paucity
of data on how other parameters are impacted. Accordingly,
mice fed a HFD for 12 weeks were selected to investigate com-
prehensively the impact of prediabetes on the ICBNs. These
mice appeared to have reduced ICBNs relative to those on a
normal chow diet (Figure 3a–d), however, upon quantifying
these observations, axon length, density, and branching in the
periphery (Figure 3e–g) and at the whorl (Figure 3i–k) were
not statistically different to chow-fed controls, despite a decreas-
ing trend. Measurements of local ICBN alignment demon-
strated a 22% increase in the periphery (0.39 – 0.05 vs

0.48 – 0.06, p = 0.01; Figure 3h), that was not observed at the
whorl (Figure 3l).

Prediabetes increases the number of CSENPS without
impacting exiting ICBN fibers
As in the diabetic cohort, the number, morphology, and distri-
bution of CSENPS were determined in the HFD-fed mice. The
total number of CSENPS in the HFD group was 26% greater
than in the control group (242.2 – 13.55 vs 305.6 – 30.96,
P = 0.003) (Figure 4a) and equally distributed between the cen-
ter and periphery within groups (Figure 4b). The ICBNs exiting
the CSENPS of mice fed a HFD appeared shorter and less
numerous (Figure 3a–d). However, in both the center and
periphery this reduction did not reach statistical significance
(Figure 4c,d).

DISCUSSION
Herein, a novel, fully automatic, segmentation, and quantifica-
tion modality was employed to analyze longitudinally high-
resolution scanning confocal microscopy images of bIII-tubulin
immunostained corneal nerves from db/db and HFD-fed mice.
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This study also produced an in-depth manual assessment of
the number and location of CSENPS and the ICBNs exiting
these structures. As a result, we identified an expansive phase
of ICBN growth accompanied by an increasing number of
CSENPS. Furthermore, this investigation provides the first
information about how three new variables, including the num-
ber of CSENPS, fiber length/CSENPS, and axon alignment, are
impacted by type 2 diabetes.
Previous studies in type 2 diabetic humans18 and animals19,20

have reported a reduction in corneal innervation when mea-
sured using IVCM. However, contrary to expectations, when
evaluated with our highly sensitive platform, db/db mice exhib-
ited increased corneal innervation at 8 weeks of age, most nota-
bly in the periphery. Accompanying this increase in density
and branching (Figure 1), a profound increase in the number
of CSENPS was also identified, which were evenly distributed
between the central and peripheral regions (Figure 2a,b). Upon
evaluating the length of ICBNs exiting each CSENPS, no differ-
ence between controls and diabetic animals was observed at
8 weeks of age (Figure 2c,d), indicating that the increased

innervation in db/db mice was primarily due to a rise in the
number of CSENPS. This implies that during the early stages
of type 2 diabetes, the stromal nerves are prompted to pierce
the basement membrane, thereby increasing the density of these
penetration sites, without directly impacting the ICBNs (Fig-
ure 5a). This hypothesis is supported by findings from the
HFD-fed mice, which exhibited an increase in the number of
CSENPS, with no change in ICBN parameters before the onset
of type 2 diabetes (Figures 3 and 4).
The neurotrophic effect of insulin is well established21. In

both humans22 and mice23, systemic administration of insulin
can ameliorate the deleterious effects of type 2 diabetes on the
corneal nerves, either via protective or regenerative mecha-
nisms. During the initial compensatory phase of type 2 dia-
betes, where insulin reaches supraphysiological levels to
maintain glycemic control24,25, its neurotrophic properties could
explain the initial increase in ICBN parameters and density of
CSENPS in the early stages of DPN (Figures 1 and 2). Lending
further credence to this hypothesis is the substantially larger
increase in CSENPS seen in db/db mice (57%) relative to HFD-
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fed mice (26%) (compared with their respective controls; Fig-
ures 2a and 4a). While we did not measure insulin concentra-
tions, prior research has demonstrated greater elevations in db/
db mice relative to those fed a HFD11, suggesting a possible
association between these two values.
With disease progression, plasma insulin concentrations

decline, and the products of the metabolic derangement
induced by hyperglycemia predominate26,27. The shift in this
balance could explain the changes seen in ICBNs at 16 weeks
in db/db mice25 (Figures 1 and 5b). Following the initial neu-
ronal expansion, ICBNs regressed to levels displayed in +/+

mice. However, this occurred without a change to the number
of CSENPS, which remained significantly elevated (Figure 2a).
Correspondingly, a decrease in the length of ICBNs exiting
each CSENPS was detected, reaching significance in the periph-
ery (Figures 2c and 5b). There are several possible pathophysio-
logical explanations for such dynamic shifts in innervation.
One is that this is a length-dependent neuropathy, i.e., the most
distal aspects of nerves, being the ICBNs, are damaged first,
before any impact on their penetration sites. However, it could
also indicate that the insult targets ICBNs which are more vul-
nerable, whilst stromal axons and CSENPS are spared.

8 Weeks 16 Weeks 32 Weeks

Pe
ri

ph
er

y
W

ho
rl

Pe
ri

ph
er

y
W

ho
rl

Su
m

m
ar

y

+/
+

db
/d

b

db/db have
increased CESNPS
with equivalent
ICBNs relative to
+/+ mice

The number of
CSENPS remains
constant. The
peripheral ICBNs
in the db/db mice
are shorter

The number of
CSENPS remains
constant. The
ICBNs of both
groups in both
locations become
shorter

(a) (b) (c)

Figure 5 | Longitudinal changes undergone by CSENPS and ICBNs in type 2 diabetes. Diagrammatic representation of CSENPS (lilac circles) and
ICBNs (green lines) from +/+ controls and db/db mice in the periphery and at the whorl are illustrated at sequential time points. At 8 weeks (a),
ICBNs exiting each CSENPS were of relatively equal length, however, the number of CSENPS in db/db mice was increased. At 16 weeks (b), ICBNs
in db/db mice became shorter in the periphery whilst those at the whorl were unaffected. At 32 weeks (c), the ICBNs exiting all CSENPS become
truncated in both the center and the periphery, in both groups.

598 J Diabetes Investig Vol. 14 No. 4 April 2023 ª 2023 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

O R I G I N A L A R T I C L E

Machet et al. http://wileyonlinelibrary.com/journal/jdi



At 32 weeks, db/db and control mice exhibited reductions
across all nerve parameters, yet the CSENPS remained constant
(Figures 1, 2a, 5c). This suggests the ICBN degeneration was
most likely an age-related effect9,28. Notably, the number of
CSENPS in db/db mice remained significantly elevated, and in
both groups, penetration sites remained relatively constant over
the monitoring period.
Another parameter used to monitor corneal nerves was their

alignment9. This parameter evaluates the relationship between
the direction of adjacent ICBN fibers instead of the curvature
of individual axons. It functions as a composite measure of the
guidance factors that influence the movement of ICBNs within
the local microenvironment; with scores approaching zero indi-
cating a deviation from the standard architecture. At all the
time points monitored, db/db mice demonstrated no change in
corneal nerve alignment compared with +/+ (Figure 1p,t), signi-
fying that the early axonal growth was unlikely to be a patho-
logical reaction, rather an excessive physiological response9. In
contrast, mice fed a HFD experienced an increase in axon
alignment in the peripheral cornea (Figure 3h). Given the
ICBNs did not elongate (rather their length was likely reduced)
(Figures 3e,i and 4c,d), the increase computed may represent
an artifact where the lower nerve density reduces the number
of ICBNs capable of being ‘out of alignment’ thereby inflating
the value of this parameter.
The dynamics with which CSENPS and ICBNs are modu-

lated have important implications for how DPN progression
is detected and monitored, but also for understanding the
underlying pathophysiology of this disease process. In terms
of detection, the most significant and rather surprising finding
was that the initial phase of type 2 diabetes was heralded by
an increase rather than a decrease in innervation (Figures 1
and 2). In humans, this expansion is likely to be subtle, but
with further improvements in IVCM and software for image
analysis, it could become a critically relevant phase that clini-
cians utilize. Furthermore, if imaging CSENPS becomes rou-
tine in clinical practice, this could become another valuable
parameter that increases the sensitivity and specificity of
screening investigations. Given their homogenous distribution
(Figure S2b), imaging representative regions of the cornea
should be sufficient, as has been demonstrated for the quan-
tification of ICBNs29. Finally, we provide evidence to suggest
that the peripheral cornea is more sensitive to changes in
ICBN parameters in terms of growth and regression in a dia-
betic paradigm. Consequently, it may be the best region for
image acquisition to detect the earliest changes associated with
type 2 diabetes.
From a pathophysiological standpoint, this study comple-

ments and extends prior investigations, especially regarding the
location where nerve degeneration occurs. As a peripheral neu-
ropathy, it has been postulated that axons within the inferior
whorl are damaged first, as it consists of the most distal ICBN
fibers30. Accordingly, studies have shown that the whorl pro-
vides a better measure of ICBN damage than nerve fibers at

the apex of the cornea30,31. This seemingly contradicts the data
from our study, where neurodegeneration predominated at the
periphery compared with the whorl. Importantly, it must be
clarified that the whorl is a para-central structure and is thus
relatively peripheral to the corneal apex. We hypothesize that
soluble factors in blood regulate this phenomenon. Despite the
cornea being an avascular tissue, it has a prominent vascular
plexus in its periphery, allowing blood products to diffuse
towards the center32. Accordingly, neurotoxic metabolites from
blood accumulate at higher concentrations in the periphery
compared with central regions. Additional evidence supporting
this supposition was found when we examined tile scans of the
entire cornea, where ICBNs originating in the peripheral cornea
did not extend across to the whorl (Figure S2a,b). Rather, the
ICBNs which formed the whorl originated from CSENPS much
closer to the center. As such, ICBNs in the center are not sub-
stantially more ‘distal’ than those in the periphery but are likely
spared from the damaging metabolic by-products of type 2 dia-
betes. Interestingly, the converse appears to be true for the
CSENPS, whereby there was no spatial preference for their
location, indicating that the growth signal for these sites likely
arose from a central source.
We acknowledge that our study has several limitations. The

first being that only a portion of the ICBNs was analyzed per
cornea. Given the curvature of the cornea, it is not possible to
image at a consistent depth and to capture exclusively the
ICBNs9. Accordingly, a compromise in image size was required,
which may have resulted in under sampling. Another limitation
to consider is the high correlation between many of the cur-
rently used parameters. For example, length and density are
highly related, and as such, once ICBN length has been
accounted for, density adds little additional information. Addi-
tionally, alignment appears to be impacted by the density of
ICBNs present, demonstrating it will require further refinement
to expand its applicability in other diseases. These issues exem-
plify the importance of identifying and developing new metrics,
such as the number of CSENPS, which are completely indepen-
dent of other parameters and thus provide additional informa-
tion that will increase the diagnostic capabilities of corneal
IVCM.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Appendix S1 | Supplementary Methods.

Table S1 | Composition of the high-fat diet.

Figure S1 | Acquisition of murine corneal nerve images.

Figure S2 | Identification and distribution of corneal stromal-epithelial nerve penetration sites.

Figure S3 | Blood glucose measurements.
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