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Peripheral Neuropathy Phenotyping in Rat Models of
Type 2 Diabetes Mellitus: Evaluating Uptake of the
Neurodiab Guidelines and Identifying Future

Directions

Md Jakir Hossain', Michael D. Kendig', Meg E. Letton®, Margaret J. Morris', Ria Arnold">*

Departments of 'Pharmacology, *Exercise Physiology, School of Medical Sciences, University of New South Wales (UNSW) Sydney, Sydney,
*Department of Exercise and Rehabilitation, School of Medical, Indigenous and Health Science, University of Wollongong, Wollongong, Australia

Diabetic peripheral neuropathy (DPN) affects over half of type 2 diabetes mellitus (T2DM) patients, with an urgent need for ef-
fective pharmacotherapies. While many rat and mouse models of T2DM exist, the phenotyping of DPN has been challenging
with inconsistencies across laboratories. To better characterize DPN in rodents, a consensus guideline was published in 2014 to
accelerate the translation of preclinical findings. Here we review DPN phenotyping in rat models of T2DM against the ‘Neurodi-
ab’ criteria to identify uptake of the guidelines and discuss how DPN phenotypes differ between models and according to diabetes
duration and sex. A search of PubMed, Scopus and Web of Science databases identified 125 studies, categorised as either diet and/
or chemically induced models or transgenic/spontaneous models of T2DM. The use of diet and chemically induced T2DM mod-
els has exceeded that of transgenic models in recent years, and the introduction of the Neurodiab guidelines has not appreciably
increased the number of studies assessing all key DPN endpoints. Combined high-fat diet and low dose streptozotocin rat models
are the most frequently used and well characterised. Overall, we recommend adherence to Neurodiab guidelines for creating bet-
ter animal models of DPN to accelerate translation and drug development.

Keywords: Diabetes mellitus, type 2; Diabetic neuropathies; Diet, high-fat; Models, animal; Models, genetic; Peripheral nerves;

Rats; Streptozotocin

INTRODUCTION

Diabetes is a global health concern that cuts across socioeco-
nomic status and national boundaries. In 2019, the Interna-
tional Diabetes Federation estimated that 463 million adults
are living with diabetes and 374 million with impaired glucose
tolerance, predicted to rise to 700 million and 548 million, re-
spectively, by 2045 [1]. Diabetic peripheral neuropathy (DPN)
is the most prevalent complication in diabetes, affecting more
than 50% of long-term type 2 patients [2]. Despite such high
prevalence, the basic disease mechanisms of DPN are yet to be

deciphered [3]. A consequence of the rising global prevalence
of diabetes and prediabetes is a corresponding increase in
DPN. DPN manifests as a distal symmetric polyneuropathy af-
fecting the lower extremities in a length-dependent fashion [4]
and is primarily a disorder of sensory dysfunction character-
ized by pain, allodynia, numbness, and insensate feet. These
initial manifestations can progress to physical impairments
(e.g., loss of balance) and an increased risk of falls, foot ulcer-
ation, amputation and mortality [4,5]. Despite dramatic effects
of DPN on quality of life and healthcare costs, there are still no
effective disease modifying treatments other than strict glycae-
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mic control and pain management [6].

DPN is common in both type 1 diabetes mellitus (T1IDM)
and type 2 diabetes mellitus (T2DM), though it has long been
recognised they have distinct pathophysiological mechanisms
[7-9]. The consequences of these distinct pathophysiological
mechanisms were highlighted by a meta-analysis demonstrat-
ing that glycaemic control, the only accepted disease modify-
ing treatment, is less effective for DPN symptoms in individu-
als with T2DM than T1DM [10]. Research has sought to de-
velop preclinical models that allow for the metabolic comor-
bidities associated with T2DM to be studied, such as obesity,
hypertension, dyslipidemia, inflammation, and insulin resis-
tance [11-13], thus requiring modifications to the high dose
streptozotocin (STZ) model of TIDM. While rat and mouse
models of TIDM and T2DM have been reviewed previously
[14-16], here we sought to evaluate the quality of DPN pheno-
typing, specifically in rat models of T2DM.

The growth and refinement in rat T2DM models over the
past 2 decades have been accompanied by an increased focus
on improving the consistency of protocols used to objectively
measure and report DPN. To this end, in 2014, the Diabetic
Neuropathy Study group (Neurodiab) of the European Associ-
ation for the Study of Diabetes (EASD) established a set of
consensus criteria for phenotyping DPN in rodent models
with the intention of enabling collaboration between laborato-
ries, standardising data reporting, and thus expediting the dis-
covery of effective treatments for DPN [3]. The Neurodiab
guidelines define DPN as the presence of statistically signifi-
cant differences between diabetic and age-matched control an-
imals in at least two out of three measures of behaviour, nerve
conduction, and peripheral nerve structure. The Neurodiab
guidelines also emphasise the importance of experimental de-
sign through randomisation of animals to groups, blinding of
researchers for analyses, reporting key diabetic parameters
(e.g., weight, blood glucose, glycosylated hemoglobin, blood
pressure, insulin, and lipids), and reporting both positive and
negative results. These guidelines focus on somatic nerves as
there was insufficient data to include evaluation of autonomic
manifestations of DPN in rodent models.

Here we review the evolution of rat T2DM models in the
study of DPN over time. We evaluated whether the publication
of the Neurodiab guidelines in 2014 influenced the reporting
of DPN in the literature, as indicated by use of all three key
endpoints as recommended. To achieve this, we conducted a
systematic search of rat models of T2DM that studied DPN
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and compared measures reported using an interrupted time
series method. Measures of autonomic neuropathy were not
among the key assessments of the Neurodiab guidelines and
thus were outside the scope of this review. Mouse models of
DPN have been reviewed elsewhere [15] and are not consid-
ered here.

CRITERIA FOR PHENOTYPING DPN IN
RODENT MODELS ACCORDING TO
‘NEURODIAPB’

Behavioural tests

Currently, there is no single gold standard behavioural test to
assess neuropathy in rodent models. The behavioural test of
choice for small fiber neuropathy is the Hargreaves test, which
measures hindpaw withdrawal response latency when the
plantar surface of a single paw is exposed to escalating heat
[17]. Alternative behavioural measures assess tactile allodynia
by recording hindpaw withdrawal responses in response to the
application of von Frey monofilaments (or automated pressure
filaments) to the plantar surface, thought to provide informa-
tion about large fiber dysfunction [18,19]. Including more than
one behavioural test is recommended for studying disease
mechanisms and evaluating drug effects.

Nerve conduction studies

Nerve conduction studies (NCS) are the current gold standard
for clinical drug trials measuring large fiber function and
should be included as an endpoint in phenotyping and screen-
ing for potential therapies in diabetic rodents [3]. The Neuro-
diab guidelines recommend assessing nerve conduction veloc-
ity (NCV) in both motor and sensory nerves, while controlling
core and near-nerve temperatures, as NCVs are temperature-
sensitive [3]. Assessing NCV in the caudal nerve is not strongly
recommended as this is a unique anatomical feature of rodents
with less translational relevance [3].

Peripheral nerve structure

Quantifying intraepidermal nerve fiber density (IENFD) in
the foot pad of diabetic rodents is considered a reliable and
sensitive marker of small sensory nerve fiber loss [20-22]. Sur-
rogate markers of peripheral nerve structure include measures
of nerve trunk morphometry (large and small fibers) and cor-
neal nerve fiber analysis [23].
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METHODS: LITERATURE SEARCH AND
STUDY SELECTION

A scoping review was undertaken up to 3rd November 2020
using the following terms: ((T2DM OR Non-insulin dependent
diabetes mellitus OR diabetes mellitus type-1I) AND (Neuro-
path* OR diabetic neuropathies OR polyneuropathies) AND
(rat OR rats)). The search terms were entered into PubMed,
Web of Science and Scopus, yielding 1,625 results. The screen-
ing and review procedure for these articles is shown in the flow
diagram (Fig. 1). After removal of duplicates and screening,
125 articles were included in this review for qualitative synthe-
sis. Criteria for inclusion were that the articles were in a rat
model of T2DM and assessed at least one of the three key DPN
endpoints (i.e., behavioural assessment, electrophysiology, and
nerve structure). Exclusion criteria were studies on T1DM,
clinical studies, reviews, book chapters, non-rat models, non-
diabetic models, neo-natal models of T2DM, studies with no
DPN endpoints, full text unavailable or not in English, confer-
ence abstracts, and in vitro studies. Articles that fulfilled the
inclusion criteria were separated into (1) diet and chemically
induced models, and (2) transgenic/spontaneous models.

Records identified through database
searching:
PubMed (1n=329), Scopus (n=647),
Web of Science (n=649)
Total (n=1,625)

[ Identification ]

Y

Records after duplicates removed
(n=1,031)

A
Records screened for titles and abstracts

RESULTS

Summary of included studies and evaluation of studies
pre- and post-publication of the Neurodiab guidelines
Table 1 summarises the 125 articles included in this review,
which were categorized into diet and chemically induced mod-
els (n=63) or transgenic/spontaneous models (n=62) of T2DM.
We identified three diet and chemically induced T2DM mod-
els, the most common of which was high-fat diet (HFD) plus
low dose STZ in Sprague-Dawley (SD) rats (51/63 studies). Of
the eight transgenic/spontaneous models identified, Zucker
diabetic fatty (ZDF) rats were most frequently studied (36/62
studies). Overall, studies employing diet and chemically in-
duced T2DM models tended to assess all three DPN endpoints
(19/63, 30%) more frequently than transgenic models (10/62,
16%) ()¢ (1, 125)=3.45, P=0.063) (Fig. 2). Similarly, significant
changes in at least two endpoints—meeting the Neurodiab cri-
teria for DPN—were detected more often in diet and chemi-
cally induced models (32/63, 50.8%) than in transgenic models
(24/62, 38.7%), although this difference was not statistically
significant (*(1, 125)=1.85, P=0.174).

Records excluded (n=721)

Reasons:
T1DM (n=187), clinical studies (n=125),
reviews (n=136), non-rat model (n=134),
no DPN endpoints (n=129),

(n=1,031)

Eligibility

Y
Full-text articles assessed for eligibility

abstracts (n=7), non-English (n=3)

Full-text articles excluded (n=186)
Reasons:

(n=310)

A

Eligible full text articles (n=124),
manually added (n=1)
Total included (n=125)

Included

A\ 4

T1DM (n=70), clinical studies (n=10),
reviews (n=31), book chapter (n=1), T2DM
but no DPN endpoints (n=49), non-diabet-
ic model (n=10), neonatal T2DM model
(n=3), full text unavailable (n=5), full text
non-English (n=2), conference abstracts
(n=2), mouse model (n=1), in vitro study
(n=1), duplicates (n=1)

Fig. 1. Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flow diagram showing search results and
study selection. T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; DPN, diabetic peripheral neuropathy.
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Table 1. Rat models of type 2 diabetes mellitus assessing DPN endpoints

Proportion of articles assessing
three DPN endpoints

Model type No. of articles

Articles observing significant
change in >2 DPN endpoints

included

Pre-Neurodiab

Post-Neurodiab Pre-Neurodiab Post-Neurodiab

Diet and chemically induced models

SD rat (HFD+low dose STZ) 51 7/18
Wistar rat (HFD+low dose STZ) 9 -
Wistar rat (STZ-NA model) 3 0/1
Total 63 7/19
Transgenic/spontaneous models
ZDF rat 36 4/20
BBZDR/Wor rat 3 1/3
GKrat 10 0/8
SDT fatty rat 5 0/3
OLETF rat 6 0/5
ZDSD-Pco 1 1/1
NGR 1 -
WDEF 1 0/1
Total 63-1° 6/41-1*
Grand total 125 13/59

12/33 10/18 13/33
0/9 - 6/9
0/2 1/1 2/2

12/44 11/19 21/44
1/16 8/20 4/16

- 2/3 -
1/2 2/8 1/2
0/2 2/3 0/2
1/1 2/5 1/1

- 1/1 -
1/1 - 1/1

= 0/1 =

4/22 17/41-1* 7/22

16/66 28/59 28/66

The Neurodiab guidelines were published on the 17th of June, 2014. A 12-month window was included, and thus ‘pre-Neurodiab’ refers to arti-
cles published on or before 16th June 2015, and ‘post-Neurodiab’ refers to articles published from 17th June, 2015, to 3rd November 2020.

DPN, diabetic peripheral neuropathy; SD, Sprague-Dawley; HFD, high-fat diet; STZ, streptozotocin; NA, nicotinamide; ZDE Zucker diabetic
fatty; BBZDR, Bio-Breeding Zucker diabetic rat; GK, Goto-Kakizaki; SDT, spontaneously diabetic Torii; OLETF, Otsuka Long-Evans Tokushi-
ma Fatty; ZDSD, Zucker diabetic Sprague-Dawley; NGR, Nile grass rat; WDE Wistar diabetic fatty.

*One study was counted as both ZDF and WDF model and then subtracted from the total numbers. A dash (-) indicates no studies available. Note
that in most cases, more studies reported neuropathy (at least 2 endpoints significantly different) than number of studies testing all 3 endpoints.

50
L 40t
2
£ 30
G
S
g
< 20
g
Z
10
27%
m
0
Pre Post Pre
Diet models Transgenic models

Fig. 2. Graphical representation of publications examining dia-
betic peripheral neuropathy (DPN) endpoints in diet+chemi-
cally induced (blue) or transgenic (orange) rat models of type 2
diabetes mellitus before (pre) and after (post) the publication of
the Neurodiab guidelines for phenotyping DPN in 2014. Dark
shading and percentage values indicate the number of studies
that assessed 3 DPN endpoints as recommended.
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Comparing studies published pre and post the Neurodiab
guidelines captured a shift toward use of diet and chemically
induced models (19 studies pre-guidelines, 44 studies post-
guidelines) and away from transgenic/spontaneous models (40
pre-guidelines vs. 22 post-guidelines) (Fig. 2). Taken together,
the proportion of studies assessing all three DPN endpoints
has not increased appreciably since publication of the Neuro-
diab guidelines (pre: 13/59, 22%; post: 16/66, 24%). Likewise,
the proportion of studies reporting DPN as per the Neurodiab
definition (significant differences in at least two endpoints)
was similar pre-publication (28/59 studies) and post-publica-
tion (28/66 studies) of the guidelines. This was also true when
diet and chemically induced models and transgenic models
were considered separately.

Diet and chemically induced models
Purely chemically induced rodent models of diabetes have pri-
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marily used alloxan and STZ, compounds toxic to pancreatic
B-cells. While early studies modelled T1IDM by administering
high doses, leading to almost complete insulin deficiency and
severe hyperglycemia, subsequent work administered STZ at
lower doses alongside HFD exposure to model T2DM [24].
This approach seeks to model the aetiology of human T2DM,
albeit more rapidly [25], by first inducing insulin resistance,
obesity and inflammation through HFD exposure, followed by
the partial destruction of pancreatic B-cells by low dose STZ to
induce persistent hyperglycemia [14,26].

The present literature search identified 63 studies (2009 to
2020) testing for a DPN phenotype in rat models of T2DM in-
duced by diet and chemical treatment. Most studies modelled
T2DM through diet plus low-dose STZ (60/63 studies; 51 in
SD rats and nine in Wistar rats); three combined high dose
STZ and nicotinamide (STZ/NA) administration in Wistar
rats with no diet manipulation (Table 2) [27-89]. Overall, be-
havioural tests were the most frequently assessed DPN end-
points (56/63 studies), and 31 studies measured more than one
behavior. Nerve conduction was measured in 27/63 studies,
with 19 studies assessing both motor nerve conduction veloci-
ty (MNCV) and sensory nerve conduction velocity (SNCV).
Peripheral nerve structural analyses were reported in 33/63
studies of which 18 studies assessed IENFD, 11 studies as-
sessed both IENFD and corneal nerve fiber length (CNFL) and
16 studies analysed peripheral nerve histology or morphome-
try. Below we describe the influence of diets and diabetes in-
duction, duration of diabetes and sex differences on DPN end-
points, methods used for behavioural tests, dichotomy in ther-
mal sensitivity results, and directions for future studies.

Diabetes induction approaches
Of the 60 studies that combined diet manipulation and STZ to
induce T2DM, 42 were published after the Neurodiab guide-
lines (Table 1), reflecting increasing interest in this model.
Most of the studies (50/63) used young adult rats, identified by
either starting age (8 to 12 weeks, 20 studies) or weight (160 to
300 g, 28 studies). Twelve studies used younger rats (<8 weeks
or <160 g). Three studies did not report starting age or body
weights but two of them mentioned using adult rats. Notably,
almost all studies used exclusively male rats (57/63), two stud-
ies used exclusively female rats, two studies used both male
and female rats and two studies did not report sex.

Diet composition, diet duration and STZ doses varied across
studies. Most studies have used HFD (34 studies), followed by

202

high-fat high-sugar (HFHS; 18 studies) diet, high-fat high-
fructose (HFHFr; five studies) diet, and unspecified diets
(three studies) (Table 2). The energy derived from fat varied
between 45% and 60%, and at least 18/60 studies mentioned
lard as the source of fat in the diet. The duration of HFD feed-
ing prior to STZ injection varied from 2 to 8 weeks (55/60
studies), and the dose of STZ varied from 25 to 45 mg/kg with
the most common combination (18 studies) being 8 weeks of
HEFD feeding followed by a single dose of 30 mg/kg STZ. Most
studies utilized a single STZ injection (55/60 studies). Three
studies administered weekly STZ injections of 25 mg/kg, for 2
weeks [27-29], one study used weekly STZ injections of 30 mg/
kg, for 4 weeks (weeks 5 to 8) [30] and another study used STZ
injections of 25 mg/kg, repeated every 6 weeks from 2 to 20
weeks (total four injections) [53]. One study tested three dif-
ferent STZ doses (30, 35, 40 mg/kg) with a single injection and
concluded that 35 mg/kg was ideal for inducing T2DM as it led
to moderate and stable hyperglycemia with low rate of mortal-
ity [31]. Studies using two injections of 25 mg/kg reported hy-
perglycemia (250 to 400 mg/dL) [27-29] comparable to studies
using a single dose, while one study using four injections of 30
mg/kg reported higher blood glucose levels (>500 mg/dL)
[30]. However, one study administering four injections of 25
mg/kg at 6 weekly intervals showed a progression from mod-
erate glucose intolerance and insulin resistance (weeks 2 to 18)
to frank hyperglycemia, obesity, dyslipidemia and insulin
(weeks 18 to 42) and severe organ damage to pancreas, liver
and heart by weeks 42 to 56 [53].

The final mode of T2DM induction involved injecting NA
shortly followed by high dose STZ (STZ/NA model) [32,90].
NA, a poly (ADP-ribose) polymerase (PARP) inhibitor, is add-
ed to mitigate the effects of STZ on pancreatic 3-cells. NA pre-
vents B-cell death caused by STZ-induced nicotinamide ade-
nine dinucleotide (NAD") depletion in order to better mimic
the development of T2DM, and differentiating it from high
dose STZ induced T1DM models [90]. The STZ-NA rat model
of T2DM has been reported to lead to moderate hyperglyce-
mia without the need for insulin support, depending on the
doses of STZ (typically 45 to 65 mg/kg) and NA (100 to 120
mg/kg) [90]. However, all three studies that examined neurop-
athy and were included in this review demonstrated significant
weight loss and two induced severe hyperglycemia (blood glu-
cose >31 mmol/L) and hypoinsulinemia [33,34].

Diabetes Metab ] 2022;46:198-221  https://e-dmj.org
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Diabetes induction paradigm

Neuropathy phenotype (wk post-STZ)

Rat strain/sex . . STZ Injection No. Dlabjctes . . Nerve Peripheral nerve
Diet description duration, Pain related behaviours .
& dose, mg/kg wk conduction structure
HFD
SD/male & HFED (58% fat) 1x35 2 m-von Frey («<0.5, 1,2)
female [60] Needle-prick (0.5, 1,2)
PWL (radiant heat) («0.5, 1, 2)
Cold latency (acetone test)
(«05,1,2)
Wistar/male [48] HFD (lard 310 g/kg) 1x35 3 e-von Frey (10, 1,2, 3) MNCV (]3)
PWL (Hargreaves) (|0, 1, 2, 3)
Cold water latency (|0, 1,2, 3)
SD/male [62]  HFD (22% g fat) 1x30 4 m-von Frey (|3, 4)
PWL (radiant heat) (|3, 4)
SD/male [63]  HFD (22% g fat) 1x30 5 m-von Frey (|3-5)
PWL (radiant heat) ({3-5)
SD/male [30] HFD (24%gfat)  4x30(wkly5-8wk) 4 R/S (14)
PWL (hot plate) (14)
SD/male [64]  HFD (24% g fat, lard) 1x30 4 PWL (Hargreaves) (14) MNCYV (l4) IENFD (|4)
SNCV (14) CNFL ({4)
SD/male [65]  HFD (22% g fat) 1x30 4 m-von Frey (]1,2,3)
PWL (radiant heat) (|1, 2, 3)
SD/male [66]  HFD (22% g fat) 1x30 4 m-von Frey (|2, 3)
PWL (radiant heat) (|2, 3)
SD/male [50]  HFD (45% kcal fat)  1x30 4 PWL (Hargreaves) (14) MNCYV (14) IENFD ({4)
SNCV ({4) CNFL ({4)
SD/male [67]  HFD (22% g fat) 1x30 5 R/S(1,2,3,4,5)
PWL (radiant heat) (| 1,2, 3,4, 5)
SD/male [68]  HFD (60% kcal fat)  1x45 5 m-von Frey (|2, 3,4, 5)
Wistar/male [69] HFD (58% fat) 1x35 6 TFL (radiant heat) (|6)
Wistar/male [70] HFD (30% fat) 1x30 7 m-von Frey (|5, 7) Sciatic-axonal, myelin and
PWL (hot plate) (| 1, 5, 7) Schwann cell injury (7)
SD/male [49] HFD (60% kcal fat)  1x35 8 PWL (hot plate) (5, 6, 7, 8)
Cold water latency (tail-flick)
(15,6,7,8)
Walking function test
performance (|8)
SD/NR [27] HFD (lard 310 g/lkg)  2x25 (1 wk apart) 9 R/S (15,19) MNCV (]6) Sciatic-axonal injury and
TFL (hot water immersion) increased Schwann cells
(5,19 (C)]
SD/male [71]  HFD (58% fat) 1x35 9 L IENFD (8.5)
SD/male [72]  HFD (58% fat) 1x35 9 m-von Frey (<2, 4, 6.5, 8.5) L IENFD (8.5)
Needle-prick (<2, 4, 6.5, 8.5)
PWL (radiant heat) (<2, 4, 6.5,
8.5)
Cold latency (acetone test) (<2,
4,6.5,8.5)
SD/female [40] HFD (60% kcal fat)  1x30 12 m-von Frey (| 12) MNCYV (]12) IENFD (|12)
PWL (Hargreaves) (112) SNCV (|12) CNFL (|12)

https://e-dmj.org  Diabetes Metab J 2022;46:198-221
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Table 2. Continued

Diabetes induction paradigm

Neuropathy phenotype (wk post-STZ)

Rat strain/sex . - STZ Injection No. Diabetes . . Nerve Peripheral nerve
Diet description duration, Pain related behaviours .
& dose, mg/kg wk conduction structure
SD/male [61]  HFD (45% kcal fat)  1x30 16 PWL (Hargreaves) (}15) MNCV (}16) IENFD (|16)
SNCV ({16) CNFL (|16)
SD/male [52]  HFD (45% kcal fat)  1x30 16 PWL (Hargreaves) (116) MNCV (|16) IENFD (|16)
SNCV ({16)
SD/male [42]  HFD (45% kcal fat)  1x30 16 PWL (Hargreaves) (116) MNCV (]16) IENFD (| 16)
SNCV ({16)
SD/male [43]  HFD (24% g fat, 1x30 16 1 PWL (Hargreaves) (16) MNCV (}16) IENFD (|16)
soybean oil and lard) SNCV (]16)
SD/male [41]  HFD (58% kcal fat)  1x35 17 m-von Frey and R/S (|17) I MNCV (17) Sciatic-axonal injury,
PWL (hot plate) ({17) lymphocyte infiltration
TFL (hot water immersion) (| 17) (17)
SD/male [56]  HFD (45% kcal fat)  1x30 18 m-von Frey (| 18) MNCV (|18) IENFD (|18)
PWL (Hargreaves) (118) SNCV (]18) CNFL (]18)
SD/male [57]  HFD (45% kcal fat)  1x30 20 PWL (Hargreaves) (18) MNCV (|8) IENFD ({20)
SNCV (8) CNFL ({20)
SD/male [59]  HFD (45% keal fat)  1x30 20 PWL (Hargreaves) (120) MNCV (]20) IENFD (20)
SNCV ({20)
SD/male [55]  HFD (45% kcal fat)  1x30 28 PWL (Hargreaves) (116, 28) MNCV (]16,28)  IENFD (|16, 28)
SNCV ({16, 28) CNFL (|16, 28)
HFD measured at multiple time points, in different cohorts
SD/male [S1]  HFD (45% kcal fat)  1x30 2/8/16 ~ PWL (Hargreaves) (18, 16) MNCV (|2,8,16) IENFD (|2,8, 16)
SNCV ({2,8,16) CNFL(]2,8, 16)
SD/male [73]  HFD (45% kcal fat)  1x30 4/16 PWL (Hargreaves) (14, 16) MNCYV (|4, 16) IENFD (|4, 16)
SNCV ({4, 16) CNFL (|4, 16)
SD/male [74]  HFD (45% kcal fat)  1x30 4/16 PWL (Hargreaves) (116) MNCYV (|16) IENFD (| 16)
SNCV ({16)
SD/male [58]  HFD (45% kcal fat)  1x30 8/18/32  PWL (Hargreaves) (118, 32) MNCV ({8, 18,32) IENFD (|8, 18,32)
SNCV ({8, 18,32) CNFL(]8, 18,32)
SD/male [54]  HFD (45% kcal fat)  1x30 24/36 PWL (Hargreaves) (18,24,36)  MNCV (|8,24,36) IENFD (|8, 24, 36)
SNCV ({8,24,36) CNFL(]8,24,36)
SD/male[75]  HFD (58% fat) 1x35 2wk/2  m-von Frey («2,4, 6.5, 8.5)
mo Needle-prick (<2, 4, 6.5, 8.5)
PWL (radiant heat) (<2, 4, 6.5,
8.5)
Cold latency (acetone test) (<2,
4,6.5,8.5)
Wistar/male [76] HFD 1x40 NR MNCV (|NR)
HFHS
SD/male[77]  HFHS (10% oil, 7% 1x30 3 m-von Frey (|3)
sugar) PWL (Hargreaves) (|3)
SD/male [45]  HFHS (10% lard, 1x35 3 e-von Frey (]2) Sciatic-axonal and myelin
10% sucrose) injury (3)
SD/male [47]  HFHS (10% lard, 1%35 3 PWL (Hargreaves) (|2, 3)
10% sucrose)
SD/male [44]  HFHS (10% lard, 1x35 4 e-von Frey (|2,2.5,3,4)
20% sucrose) PWL (radiant heat) (|2, 2.5, 3,4)
(Continued to the next page)
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Table 2. Continued

Diabetes induction paradigm Neuropathy phenotype (wk post-STZ)

Rat strain/sex . - STZ Injection No. Diabetes . . Nerve Peripheral nerve
Diet description duration, Pain related behaviours .
& dose, mg/kg wk conduction structure
SD/male [31]  HFHS (10% lard, 1x (30, 35, 40) 4 e-von Frey (|2, 4)
20% sucrose) PWL (radiant heat) (|2, 4) (only
in 35 mg/kg group)
SD/male [46]  HFHS (10% oil, 7%  1x30 4 m-von Frey (|2, 3)
sugar) PWL (Hargreaves) (| 1,2, 3,4)
SD/male [78]  HFHS (20% sucrose) 1x25 5 m-von Frey (|1,2,3,4,5)
Albino/male HFHS (10% lard, 1x30 5 TFL (radiant heat) (|5) Sciatic-myelin injury,
[79] 20% sucrose) increased macrophage
and mast cells (5)
SD/male [37]  HFHS (10% lard, 1x35 6 MNCV (|6)
20% sucrose) SNCV (16)
Wistar/male [38] HFHS (10% lard, 1x30 6 MNCYV (]6) Sciatic-axonal and myelin
20% sucrose) SNCV ({6) injury (6)
SD/male [80]  HFHS (15% lard, 1%25 8 Sciatic-myelin injury (8)
25% sucrose)
SD/male [81]  HFHS (10% fat, 70% 1x40 8 R/S (18)
carb)
SD/male [35]  HFHS (10% lard, 1x30 11 PWL (radiant heat) (18) MNCYV (|11)
10% sucrose)
SD/male [36]  HFHS (10% lard, 1x35 12 MNCV (|12)
20% sucrose) SNCV (112)
Wistar/female ~ HFHS (10% lard, 1x30 12 m-von Frey (|6)
[82] 20% sucrose)
SD/male [28]  HFHS (15% lard, 2x25 (1 wk apart) 16 MNCYV (]16) Sciatic-myelinated fiber
10% white sugar) abnormality (16)
SD/male [29]  HFHS (15% lard, 2x25 (1 wk apart) 16 m-von Frey (] 16) MNCV (|16) Sciatic-myelinated fiber
10% white sugar) PWL (hot plate) («>16) abnormality (16)
SD/male[39]  HFHS (45%kcalas  1x35 25 PWL (hot plate) (|2.5) NCV (<2.5)
fat)
HFHFr
SD/male [83]  HFHFr (660 g fruc-  1x35 8 PWL (hot plate) (| 1-8) Sciatic-axonal injury,
tose; 80 g fat/kg) TFL (hot water immersion) reduced Schwann cells
(1-8) ®)
SD/male [84]  HFHFr 1x35 4 e-von Frey (|2, 3, 4)
PWL (radiant heat) (|2, 3, 4)
SD/male [85]  HFHFr (660 g fruc-  1x35 8 TFL (hot water immersion) Sciatic-axonal injury,
tose; 80 g fat/kg) (11-8) reduced Schwann cells
Formalin-evoked hyperalgesia ®)
(tail-flinch) (18)
Wistar/male & HFHFr (10% fructose 1x35 12 PWL (hot plate) (| 12) Sciatic- (12)
female [86] solution) TFL (hot water immersion) (| 12)
Cold water latency (| 12)
Walking function test perfor-
mance (|12)
Wistar/male [53] HFHFr (25.7% g lard, 4x25 (2, 8, 14, 20 36 m-von Frey (|2 to 36) Sciatic- loss of small and

46.5% g fructose)

wk diet)

R/S (110-34)
PWL (Hargreaves) («>0-36)

large myelinated fibers
(36)
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Table 2. Continued

Diabetes induction paradigm Neuropathy phenotype (wk post-STZ)

Rat strain/sex . e STZ Injection No. Dlabe.:tes . . Nerve Peripheral nerve
Diet description duration, Pain related behaviours .
& dose, mg/kg wk conduction structure
High caloric diet
SD/male [87]  High-caloric (NR) 1x30 2 R/S(l1)
PWL (radiant heat) (| 1)
SD/male [88]  High-caloric (NR) 1x30 2 m-von Frey (1)
PWL (radiant heat) (| 1)
STZ/NA models
Wistar/male [33] Nicotinamide: 1 x50 TFL (radiant heat) (|2) Sciatic- axonal and myelin
mg/kg IP 15 min Hindpaw cold allodynia (cold injury, haemorrhage,
Later STZ: 1x52.5 water) ({2) collagen deposition,
mg/mg IP Tail cold allodynia (cold water) vascular degeneration
(2) @
Rotarod (latency to fall) ({2)
Wistar/male [34] Nicotinamide: 1 x50 TFL (radiant heat) (|2) Sciatic- axonal and myelin
mg/kg IP 15 min Hindpaw cold allodynia (cold injury, haemorrhage,
Later STZ: 1x52.5 water) (|2) collagen deposition,
mg/kg IP Tail cold allodynia (cold water) vascular degeneration
(2) @
Rotarod (latency to fall) ({2)
Wistar albino ~ Nicotinamide: 1x110 5 PWL (hot plate) (11, 2, 3,4, 5) Sciatic-nerve cell
[32] mg/kg IP 15 min Rotarod (latency to fall) (| 1, 2, 3, degeneration (5)
Later STZ: 1x65 4,5)
mg/kg IP

1=significant increase, | =significant decrease, <>=no change.

STZ, streptozotocin; HFD, high-fat diet; m-von Frey, manual von Frey; SD, Sprague-Dawley; PWL, paw withdrawal latency; e-von Frey, elec-
tronic von Frey; MNCYV, motor nerve conduction velocity; R/S, Randal-Selitto; SNCV, sensory nerve conduction velocity; IENFD, intraepider-
mal nerve fiber density; CNFL, corneal nerve fiber length; TFL, tail flick latency; HFHS, high-fat high-sugar; NR, not reported; NCV, nerve

conduction velocity; HFHFr, high-fat high-fructose; NA, nicotinamide; IP, intra-peritoneal.

Effects of different T2DM induction methods on DPN
phenotypes
1) HED plus STZ
Thirty-four studies utilized HFD and low dose STZ to induce
T2DM (30 in SD rat and four in Wistar rats) (Table 2). In these
studies, behavioural tests were the most frequently reported
DPN endpoint (32 studies) followed by peripheral nerve struc-
ture analyses (21 studies) and NCS (20 studies). Eighteen stud-
ies assessed all three DPN endpoints, as recommended by the
Neurodiab guidelines, and 20 studies reported significant
changes in at least two DPN endpoints. Among behavioural
tests, mechanical sensitivity was tested in 16 studies, with 14 of
these reporting mechanical hyperalgesia or decreased paw
withdrawal threshold (PWT) and two studies reporting no
change in diabetic animals.

Effects of diabetes on thermal sensitivity, which was tested in
31 out of 34 HFD/STZ studies were more varied. Of these, 11
studies reported thermal hyperalgesia (decreased paw with-
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drawal latency [PWL] or tail flick latency [TFL]), 17 studies
observed thermal hypoalgesia (increased paw/tail withdrawal
latency) and three studies reported no change (Table 2). Cold
sensitivity was tested in five studies of which only two reported
cold hyperalgesia (Table 2).

In line with the Neurodiab recommendation, 16 studies re-
ported both motor and sensory nerve conduction deficits
(MNCV and SNCV), while four reported only MNCV. Of the
20 studies to report peripheral nerve structural changes, 18 re-
ported a decline in IENFD, of which 11 showed simultaneous
reductions in CNFL (Table 2). Three studies examined sciatic
nerve histopathology or morphometry which demonstrated
axonal swelling/degeneration, lymphocyte infiltration as well
as Schwann cell injury and demyelination (Table 2).

2) HFHS plus STZ
Eighteen studies utilised a HFHS diet plus a low dose of STZ to
induce T2DM of which 15 were in SD rats and three were in
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Wistar rats (Table 2). These diets typically comprised 10%-
15% lard and 7%-20% sucrose. Like HFD models, behavioural
tests were the most frequently reported DPN endpoint (13
studies), followed by NCS (seven studies) and peripheral nerve
structure analyses (six studies). Notably, only one study as-
sessed all three DPN endpoints [29] and six studies reported
significant changes in at least two DPN endpoints (Table 2).
Within the behavioural measures, nine studies assessed me-
chanical sensitivity, and all reported mechanical hyperalgesia
(decreased PWT). In contrast to the HFD models, nine studies
assessed thermal sensitivity and seven found thermal hyperal-
gesia (Table 2) while one found thermal hypoalgesia [35], and
one found no change [29]. Out of seven studies that assessed
nerve conduction, three reported a decline in both MNCV and
SNCV [36-38] while three studies reported a decline in only
MNCYV [28,29,35] and one study reported no change in sciatic
NCV without specifying motor or sensory nerve tested [39].
Unlike studies using the HFD/STZ model, none of the studies
with HFHS diet assessed IENFD or CNFL, though six studies
examined sciatic nerve histopathology or morphometry and
reported features such as axonal atrophy, increased macro-
phage and mast cells, demyelination or myelin abnormalities
(Table 2).

3) HFHFr plus STZ

Five studies utilised a HFHFr diet plus low dose STZ paradigm
to induce T2DM of which three were in SD rats and two were
in Wistar rats (Table 2). Fructose content in the diets varied
widely (10% to 66%). Behavioural tests were reported in all five
studies. None of these studies assessed nerve conduction nor
IENFD/CNFL. Three studies reported peripheral nerve struc-
tural analyses with altered sciatic nerve histopathology and
morphometry, which included axonal degeneration, demye-
lination and loss of both small and large myelinated nerve fi-
bers. While no study assessed all three DPN endpoints, three
studies found significant changes in two DPN endpoints.
Among behavioural tests, two studies assessed mechanical
sensitivity, and all reported mechanical hyperalgesia (de-
creased PWT), five studies assessed thermal sensitivity and
four of them found thermal hyperalgesia while one study
found no change. Nerve structural injuries were reported in
four studies all investigating sciatic nerve and reported axonal
degeneration, loss of large, and small myelinated fibers, re-
duced Schwann cell numbers, demyelination, etc.
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4) STZ/NA model

None of the three studies using the STZ-NA model assessed all
three DPN endpoints, but all three found significant differenc-
es in two DPN endpoints (Table 2), albeit only 2 to 5 weeks
post-STZ. Two studies reported hyperalgesia [33,34] and one
reported hypoalgesia [32] in tests of thermal sensitivity. Addi-
tionally, two studies reported increased cold sensitivity (Table
2). Nerve conduction and IENFD were not investigated in
these studies, but all three studies documented irregularities in
sciatic nerve histopathology and decreased fall latency on the
rotarod test of motor function (Table 2). Sciatic nerve histo-
pathological features included nerve cell degeneration, haem-
orrhage and collagen deposition within the nerve, myelin bal-
looning and vascular degeneration. Further work is needed to
characterise DPN endpoints like mechanical sensitivity, NCS,
IENFD, or CNFL along with studies of longer duration.

Insulin and lipids in diet and chemically induced models
Circulating insulin levels were assessed in 27% (17/63) of stud-
ies using diet and chemically induced models. It is difficult to
generalise the insulin response across the diverse range of
dose, frequency and timelines used. In HFD/STZ models, in-
sulin was reported to be decreased [40], increased [41], and
unchanged [42,43] at 16 weeks with no clear relationship to
DPN phenotype (Table 2). In HFHS/STZ models, four studies
[44-47] demonstrated an increase in insulin that corresponded
with mechanical or thermal hyperalgesia. However, all these
studies were of short duration (<5 weeks) where hyperalgesia
is common (Fig. 3). On balance, insulin was infrequently re-
ported, and no clear link could be made with DPN endpoints.

Circulating lipid profiles were assessed in 35% (22/63) of
studies using diet and chemically induced models. Most of
these studies measured free fatty acid, total cholesterol and tri-
glycerides which were reported to be elevated at both early (3
to 12 weeks of diabetes) [27,48-50] and late-stages (=16 weeks
of diabetes) [28,41-43,51-59]. Only three studies reported
high-density lipoprotein cholesterol [27,28,48] and three stud-
ies reported low-density lipoprotein cholesterol [28,35,48].
Studies showing evidence of dyslipidemia tended to observe
changes in the key neuropathy endpoints (mechanical/thermal
sensitivity, nerve conduction, and IENFD) at both early and
late timepoints post-STZ (Table 2). The presence of dyslipid-
emia compared to the onset of DPN phenotypes was unclear,
with several studies assessing lipids at a single time, typically at
endpoint.
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Fig. 3. Schematic representation comparing evidence for significant changes in key diabetic peripheral neuropathy (DPN) end-
points between diabetes models across disease duration. Arrows indicate the direction of significant change, while dots represent
no change. Each data point represents the findings of papers that reported the timepoint at which the assessments were collected
using the recommended DPN measures (behaviour assessed by Hargreaves paw withdrawal latency, electrophysiology assessed by
motor and sensory nerve conduction velocity and peripheral nerve structure assessed by intraepidermal nerve fibre density). The
darkness of the bar indicates the strength of evidence for impairment in the measure vs. control. High-fat high-fructose/strepto-
zotocin (STZ), STZ/nicotinamide, Zucker diabetic Sprague-Dawley, and Nile grass rat were not included as they had <1 data point
for each of the requisite DPN measures (Tables 2 and 3). Diabetes duration for Zucker diabetic fatty (ZDF) models was calculated
as age minus 6 weeks. HFD, high-fat diet; HFHS, high-fat high-sugar.

Overall, there is insufficient clarity to confidently determine
whether there is any relationship between circulating insulin
and lipids and the neuropathic phenotype across models.
Moreover, as only a minority of studies report such metabolic
measures, further work is needed to characterise these changes
systematically across disease progression.

Effects of diabetes duration on DPN phenotypes

The studies reviewed here tested for DPN phenotypes between
2 and 36 weeks after the administration of STZ. Since diabetes
duration is an important determinant of the severity of DPN,
we compared DPN phenotypes between studies with short and
long duration of diabetes, by classifying studies that assessed
DPN between 0 and 6 weeks post-STZ as short-term diabetes
and studies that assessed DPN beyond 6 weeks post-STZ as
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long duration diabetes. As shown in Fig. 3, studies using the
HFD/STZ model have found consistent impairments in NCV
and IENFD across short to long-term diabetes duration,
whereas a change in PWL (measured using Hargreaves test)
from hyper- to hypoalgesia was evident at approximately 4
weeks for this model. HFHS/STZ models also show hyperalge-
sia over short disease durations, with longer periods not stud-
ied; the reviewed studies using this model did not assess
IENFD. For the ZDF model (see section 4.3.1), NCV and
IENFD results concur with diet+STZ models, whereas PWL
outcomes were more varied and not assessed at earlier time-
points.

1) Behavioural tests
Irrespective of the diet, mechanical sensitivity reported consis-

Diabetes Metab ] 2022;46:198-221  https://e-dmj.org



Peripheral neuropathy in rat models of T2DM

tently as hyperalgesia was observed in 23/30 studies between 0
and 6 weeks post-STZ (short diabetes) while only 7/30 studies
reported mechanical hyperalgesia between 7 and 36 weeks
post-STZ (long diabetes). Only one study reported mechanical
hypoalgesia at 9 weeks post-STZ [27].

Thermal sensitivity tests yielded dichotomous results with
diabetes models producing hyperalgesic and hypoalgesic re-
sponses in a time-dependent fashion. Overall, 27 studies re-
ported thermal hyperalgesia of which 26 studies were 0 to 6
weeks post-STZ while only five of them detected thermal hy-
peralgesia with long diabetes duration (>6 weeks post-STZ).
By contrast, thermal hypoalgesia was found in 20 studies of
which 16 were in long diabetes (7 to 32 weeks post-STZ) while
only five of them found thermal hypoalgesia in short diabetes
(0 to 6 weeks). These data suggest that diabetes duration has
dynamic effects on behavioural measures, with hyperalgesia
more often detected early and hypoalgesia observed late in dia-
betes progression. Notably, one study supporting this notion
reported mechanical and thermal hyperalgesia at 5 weeks post-
STZ whereas hypoalgesia was reported at 9 weeks post-STZ
[27].

2) Nerve conduction studies

Twenty-six studies reported a decline in MNCYV, the majority
of which were in long duration diabetes (19 studies, 7 to 36
weeks post-STZ) while eight studies found reduced MNCV in
short duration diabetes (0 to 6 weeks post-STZ). Nineteen
studies reported a decline in SNCV, with most of these in long
duration diabetes models (15 studies, 7 to 36 weeks) while only
six studies reported reduced SNCV in short duration diabetes
(0 to 6 weeks post-STZ).

3) Peripheral nerve structural analyses

As a measure of anatomical nerve injury, 18 studies reported a
reduction in IENFD (all in HFD model) of which 16 reports
were in long duration diabetes with only four reports in short
duration diabetes. Eleven studies reported reduced CNFL (all
in HFD model) of which nine studies were in long duration di-
abetes while four studies were in short duration diabetes. There
were 15 studies that reported abnormal sciatic nerve histopa-
thology or morphometric features both at short and long dura-
tion diabetes (seven and eight studies, respectively). Notably,
15 studies that reported sciatic nerve histopathology did not
study IENFD or CNFL.
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Influence of sex on DPN phenotypes

There were only four studies that used female rats, and only a
single study directly compared pain-related behaviours be-
tween male and female T2DM rats, which found no sex differ-
ences [60]. One study in female rats used HFD with a higher
fat content than most studies in males (60% vs. 45% kcal as fat)
and longer duration of feeding (12 weeks vs. 8 weeks) and ob-
served mechanical hyperalgesia and thermal hypoalgesia, re-
duced MNCV and SNCV and loss of IENFD and CNFL
[40,61]. Another study in female rats used HFHS diet to in-
duce T2DM but only reported altered mechanical sensitivity,
with no other endpoints assessed [82].

Methods used for mechanical and thermal sensitivity tests

The methods used for mechanical and thermal sensitivity tests
are an important consideration. Since animals cannot vocalize
pain severity, detecting pain in animals requires indirect mea-
surement of pain-like behaviours [91]. Of the studies in this
review that tested mechanical sensitivity, 66.7% (20/30) uti-
lised manual von-Frey, 16.7% (5/30) used electronic von-Frey,
23.3% (7/30) used Randal-Selitto tests, and three used needle-
prick tests. For thermal sensitivity tests, 45 studies reported
PWL (seconds) while nine studies reported TFL (seconds).
41.2% (21/51) studies used Hargreaves apparatus, 37.2% (19/51)
studies used radiant heat stimulation system (either commer-
cial or custom-made apparatus), 17.6% (9/51) studies used hot
plate, and 9.8% (5/51) studies used hot water immersion test.

Transgenic/spontaneous rat models of T2DM

Transgenic rat models of T2DM have been used to study DPN
since the 1990s. Most transgenic models involve a recessive
homozygous mutation that results in the loss of function in the
leptin receptor (fa) gene, triggering severe hyperphagia, obesi-
ty, and eventually T2DM [92]. As shown in Table 1, we identi-
fied 61 transgenic/spontaneous rat T2DM studies that studied
DPN from 1994 to 2020, encompassing eight transgenic/spon-
taneous models, including obese genetic models such as the
ZDF rat (36 studies), Bio-Breeding Zucker diabetic rat (BBZ-
DR)/Wor rat (three studies), spontaneously diabetic Torii
(SDT) fatty rat (fa/fa) (five studies), sucrose fed Otsuka Long-
Evans Tokushima Fatty (OLETF) rat (six studies), Wistar dia-
betic fatty (WDF) rat (one study), Zucker diabetic Sprague-
Dawley (ZDSD) rat (one study), Nile grass rat (NGR) (one
study) and the non-obese genetic models such as the Goto-
Kakizaki (GK) rat (10 studies). As demonstrated in Table 1,
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aside from the ZDF strain, the use of transgenic T2DM models
has waned, with too few studies to meaningfully evaluate the
impact of the Neurodiab guidelines. Aside from ZDF rats, 27
studies used seven other transgenic/spontaneous rat T2DM
models, which have been reviewed previously [14] and of
which only six (22%) were published after the Neurodiab
guidelines. Therefore, here we summarise DPN phenotyping
in ZDF rats and two recent transgenic/spontaneous models
that have evaluated DPN with all key endpoints.

DPN phenotyping in ZDF rats

Zucker fatty rats have a leptin receptor mutation that induces
dramatic hyperphagia, leading to obesity and metabolic im-
pairments without overt hyperglycemia [93,94]. A second mu-
tation and selective inbreeding led to the development of ZDF
rats with a diabetogenic phenotype characterized by hypergly-
cemia [95]. ZDF rats are less obese than the Zucker fatty rats
but show more severe insulin resistance resulting from in-
creased apoptosis of the insulin secreting B-cells [96]. This
leads to hyperinsulinemia at around 8 weeks of age followed by
a decline in insulin levels, ultimately causing hyperglycemia or
diabetes at 8 to 10 weeks in male rats, but not in females [93,
971].

The ZDF rat has been extensively used to study T2DM-relat-
ed complications including DPN [97-99]. Of the 36 studies in-
cluded here, 20 were published pre-publication and 16 were
published post-publication of the Neurodiab guidelines (Table
3) [97,99-135]. Only 5/36 studies (14%) assessed all three end-
points in this model however, all key DPN endpoints have
been well characterized, and one third of the studies reported
significant differences in at least two endpoints (12/26, 33%).
Behavioural tests were the most commonly assessed DPN end-
point, examined in 75% of studies (27/36). Among the behav-
ioural tests, mechanical sensitivity was assessed in 25 studies,
thermal sensitivity was assessed in 20 studies and 18 studies
tested both mechanical and thermal sensitivity. One study re-
ported impaired motor performance on rotarod and grip-
strength tests, spontaneous locomotor activity was assessed in
two studies (one reported an impairment, and one reported no
change) and one study reported cold hyperalgesia. Nerve con-
duction was assessed in 56% (20/36) studies of which 17 stud-
ies reported a decline in MNCYV, 12 reported a decline in
SNCV, and 10 studies reported decline in both MNCV and
SNCV. Two studies reported NCV in tail nerve without speci-
tying motor or sensory. Peripheral nerve structural features
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were analysed in 22% (8/36) studies of which five reported re-
duced IENFD and seven studies analysed peripheral nerve
histopathologies of which five studies reported features such as
sciatic-tibial nerve demyelination, sciatic nerve DNA damage
and neuronal injury, sural nerve axonal atrophy, tibial nerve
reduced myelin thickness, and reduced myelination in perone-
al nerve. Two studies found no change in sciatic and sural
nerve morphometric features. Corneal nerve analysis has not
been evaluated in this model.

1) Effect of age on DPN phenotyping

Most studies (21/25) reported mechanical hyperalgesia (a de-
crease in PWT) between 6 and 36 weeks of age. Two studies
reported mechanical hypoalgesia (an increase in PWT), one at
31 and 38 weeks of age, and another at 15 and 19 weeks of age.
Three studies reported no change in mechanical sensitivity (up
to 35 weeks of age). As seen for diet-induced models, thermal
sensitivity tests showed both hyperalgesia (13 studies) and hy-
poalgesia (seven studies) in ZDF rats, with one study showing
no change. Also consistent with the diet-induced models, ther-
mal sensitivity appeared to be increased at early ages (12 stud-
ies reported hyperalgesia between 6 and 18 weeks of age) and
reduced at later ages (seven studies reported hypoalgesia be-
tween 14 and 36 weeks) (Table 3, Fig. 3). One study examining
the time course of thermal sensation in ZDF rats reported hy-
peralgesia at 8 weeks of age (coupled with insulin resistance
without frank hyperglycemia), and hypoalgesia at 16 to 36
weeks of age (coinciding with loss of insulin and severe hyper-
glycemia) [100]. Sixteen studies reported a decline in MNCV
in diabetic rats between the age of 8 to 40 weeks, and 12 studies
reported a decline in SNCV between the age of 8 to 40 weeks
(Table 3). One study showed a progressive and steady decline
in MNCV from 12 to 40 weeks of age [101]. Two studies tested
NCV in the tail nerve, one of them found no change [99] but
another reported reduction in mixed NCV (motor and senso-
ry) [102]. Five observed reduced IENFD in 15 to 35-week-old
ZDF rats. Five studies reported changes in nerve morphome-
try or demyelination or axonal atrophy in sciatic/sural/tibial/
peroneal nerves between 18 weeks and 6 months of age, while
two studies reported no change in sciatic and sural nerves of
ZDF rats at 4 to 5 months of age (Table 3).

Effect of sex on DPN: Nearly all studies in this model used
male rats (32/36), three studies did not report sex while only
one study used female rats which reported decline in MNCV
and SNCV and altered sciatic nerve histopathology (increased
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Table 3. Neuropathy phenotyping in transgenic/spontaneous rat models of type 2 diabetes mellitus, in order of earliest neuro-

pathic assessment

Diabetic animal model details

Neuropathy phenotype (age in wk)

Rat strain/sex - i i i
Age (start-end), Diabetes established, Behavioural assessment Nerve conduction Tt i
wk wk of nerve function
ZDF
ZDF/male [105] 5-16 BGL measured, not m-von Frey (|6, 12, 14, 16)
diagnostic PWL (radiant heat) (16, 12, 14, 16)
ZDF/male [106] 6-17 BGL measured, not e-von Frey (|7-8, 12-13, 16-17)
diagnostic PWL (Hargreaves) (116-17)
ZDF/male [107] 5-10 Yes R/S (18-9)
ZDF/male [100] 8-39 BGL measured, not R/S (118,24, 32,36)
diagnostic TFL (|8, 116, 20, 24, 28, 36)
ZDF/male [108] 8-14 Yes e-von Frey (|10, 14) MNCV (l8, 10,12, 14)
PWL (radiant heat) (18, 14) SNCV (I8, 10, 12, 14)
ZDF/male [109] 7-29 Yes m-von Frey (-9, 11, 13, 15, 17,
19,21,23,25,27,29)
ZDF/male [110] 4-30° Yes e-von Frey (] 14%) MNCV (]26% IENFD ({30%)
PWL (Hargreaves) (| 18°) SNCV (| 12.5%) Sural nerve axonal atrophy
Grip-strength (| 16%) (30)
Rotarod (latency to fall) (| 14*)
ZDF/male [111] 5-13 NR m-von Frey (|11, 12, 13)
PWL (Hargreaves) (]13)
ZDF/male [101] 6-40 BGL measured, not MNCV (|12, 14, 16, 20,
diagnostic 24,28, 32,36, 40)
ZDF/male [112] 7-13 Yes R/S (112,13)
e-von Frey (|12, 13)
ZDF/male [113] 8-NR BGL measured, not MNCV (1129
diagnostic
ZDF/NR [114] 8-16 Yes m-von Frey (|14, 15) SNCV ({12, 14, 15)
PWL (Hargreaves) (|12, 14, 15)
ZDF/male [115] 6-14 Yes m-von Frey (|13, 14)
PWL (hot plate) (|13, 14)
ZDF/male [116] 6-15 BGL measured, not m-von Frey (|13, 14, 15) Spontaneous locomotor
diagnostic PWL (Hargreaves) (| 13, 14) activity («>13, 14, 15)
ZDF/male [117] 7-16 Yes m-von Frey (|13, 14, 15, 16)
PWL (hot plate) (13, 14, 15, 16)
ZDF/NR [118] 8-16 Yes m-von Frey (|13, 16) SNCV ({13, 16)
PWL (radiant heat) (13, 16)
ZDF/male [119] NR BGL measured, not R/S (113)
diagnostic
ZDF/male [120] 13 NR Sciatic-tibial nerve
demyelination (113)
ZDF/male [121] 14-23 BGL measured, not R/S (118,20,22) MNCV (|23) IENFD (|23)
diagnostic TFL (114, 16,18, 20, 22) SNCV (|23) Peroneal nerve myelinated
fiber density (123)
Myelin area (|23)
ZDF/NR [122] 6-38 Yes R/S (|15)
m-von Frey (] 15)

Spontaneous locomotor activity
(17,15,31)
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Table 3. Continued

Diabetic animal model details Neuropathy phenotype (age in wk)

Rat strain/sex - i i i
Age (start-end), Diabetes established, Behavioural asses.sment Nerve conduction R T [
wk wk of nerve function
ZDF/male [123] 4-19 Yes R/S (115, 16,17,18)
PWL (hot plate) (| 15, 17, 18)
Cold hyperalgesia (118)
ZDF/male [97] 5-20 BGL measured, not MNCV (/19)
diagnostic
ZDF/male [124] 9-19 BGL measured, not m-von Frey (|15, 19) MNCYV (|15, 19) IENFD (| 15/19)
diagnostic R/S (115, 19) SNCV (|15, 19) Tibial nerve myelin
PWL (Hargreaves) (115, 19) thickness (] 19)
G-ratio and axon diameter/
myelin thickness (119)
ZDF/male [125] 1420 BGL measured, not m-von Frey (<16, 18, 20)
diagnostic
ZDF/male [126] 6-25 BGL measured, not m-von Frey (25%) MNCV (<124, [25%)  IENFD (]25%)
diagnostic PWL (Hargreaves) («>25%) SNCV («+>12a, |25 Sural nerve morphometry
(«>25%
ZDF/male [127] 6-40 Yes R/S(117,33) MNCYV (]38-40) IENFD (|35)
m-von Frey (131, 38) SNCV (138-40)
ZDF/male [128] 7-17 BGL measured, not MNCV (|17)
diagnostic
ZDF/female [129] 8-18 BGL measured, not MNCV (|18) Sciatic nerve DNA damage
diagnostic SNCV (18) and neuronal injury (118)
ZDF/male [102] 9-19 NR MNCV (|18, 19) Sciatic nerve histopathology
NCV (18, 19) (—19)
ZDF/male [130] 10-18 Yes R/S (|18)
PWL (Hargreaves) (| 18)
ZDF/male [131] 14-22 BGL measured, not MNCYV (|21, 22)
diagnostic
ZDF/male [132] NR BGL measured, not m-von Frey (|18, 32) MNCV (INR)
diagnostic PWL (Hargreaves) (1NR) SNCV (INR)
ZDF/male [133] 7-21/27 BGL measured, not MNCV (]21/27)
diagnostic
ZDF/male [134] 6-24 NR PWL (Hargreaves) (124) MNCV (|24)
SNCV ({24)
ZDF/male [135] 6-28 NR PWL (Hargreaves) (128) MNCV (]28)
SNCV (28)
ZDF/male [99] 6-35 BGL measured, not e-von Frey (< up to 35) NCV («<up to 35)
diagnostic TFL ({35)
ZDSD
ZDSD/male [103] 16-34 BGL measured, not PWL (Hargreaves) (134) MNCV (|34) IENFD (+34)
diagnostic SNCV ({34) CNFL (|34)
NGR
African NGR/male 52-104 Yes m-von Frey 1 MNCV | IENFD |
[104] PWL (Hargreaves) 1

For each rat strain, studies are listed according to age of earliest standardised neuropathic assessment. Number(s) in parentheses refer to the age of rats in weeks,

except for where diabetes duration is used and clearly mentioned. 1 =significant increase, | =significant decrease, «>=no change.

ZDF, Zucker diabetic fatty; BGL, blood glucose level; m-von Frey, manual von Frey; PWL, paw withdrawal latency; e-von Frey, electronic von Frey; R/S, Ran-
dal-Selitto; TFL, tail flick latency; MNCYV, motor nerve conduction velocity; SNCV, sensory nerve conduction velocity; IENFD, intraepidermal nerve fiber den-
sity; NR, not reported; NCV, nerve conduction velocity; ZDSD, Zucker diabetic Sprague-Dawley; CNFL, corneal nerve fiber length; NGR, Nile grass rat.

“Values were converted to weeks of age, from months or weeks of diabetes, as reported in original study.
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DNA damage and neuronal injury). No study made a direct
comparison in DPN between male and female rats.

Methods used for mechanical and thermal sensitivity tests:
The manual von Frey method was used in 12 studies, six stud-
ies utilized electronic von Frey, and 10 studies utilized Randall-
Selitto test to determine mechanical sensitivity. For thermal
sensitivity tests, 17 studies assessed PWL, and three studies as-
sessed TFL. Eleven studies utilized Hargreaves apparatus, six
studies heat stimulation apparatus with radiant heat source
and three studies used hot plates.

The ZDSD rat model of T2DM

The ZDSD rat was created by crossbreeding the Charles River
Laboratory diet-induced obese rat (SD-derived) with lean
ZDF™" rats to generate a model of polygenic obesity and
T2DM with an intact leptin pathway [136-138]. ZDSD rats are
predisposed to obesity and develop overt diabetes between 15
to 21 weeks of age with dietary manipulations, accruing less
adiposity than ZDF rats [137]. The only study using a ZDSD
model characterized DPN using all key endpoints (Table 3),
reporting significant impairments in small and large nerve fi-
ber function (thermal hypoalgesia and decreased MNCV,
SNCYV), decreased CNFL but no loss of IENFD in 34-week-old
rats that were hyperglycemic for 12 weeks [103]. The strength
of this model lies in its intact leptin signalling pathway and
some evidence for changes in DPN endpoints; thus, future
work should contrast this model with other diet and chemical-
ly induced models.

African NGR model of T2DM

A recently developed rat T2DM model is the African NGR,
which spontaneously develops T2DM when fed a standard
laboratory chow diet without the need for any dietary modifi-
cation, chemical agent or leptin receptor mutation [139]. The
NGR T2DM model produces moderate hyperglycemia (ap-
proximately 10 mmol/L) [104,139] with a gradual progression
from hyperinsulinemia (2 months) to hyperglycemia (6 to 12
months), to pancreatic §-cell dysfunction, dyslipidemia,
weight gain, microvascular pathology, hypertension, and keto-
nuria after 12 months [139,140].

The one study to examine DPN in this model assessed all
three endpoints recommended by Neurodiab, and observed
mechanical and thermal hyposensitivity, loss of IENFD, and
reduced MNCYV in aged rats that were diabetic from 12 to 24
months of age (Tables 1 and 2) [104]. Since these rats usually
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become hyperglycemic at 6 to 12 months of age and this study
used older rats, the evidence of hyposensitivity parallels the
loss of sensation in late-stage human DPN. The slow onset of
T2DM and, in turn DPN in this model, may provide unique
opportunities to conduct comprehensive longitudinal pheno-
typing and evaluate preventative treatment.

METHODOLOGICAL CONSIDERATIONS
FOR CHOICE OF BEHAVIOURAL TESTS

Careful considerations are needed in choosing specific meth-
ods or apparatus for behavioural tests, keeping in mind type of
nerve fibers being stimulated. Although manual-von-Frey is
criticised as subjective and time consuming, it remains the
most frequently used approach to detect mechanical sensitivi-
ty. Electronic von-Frey is preferred by some researchers mainly
because it is less time consuming and PWT and pressure ap-
plied is objectively recorded automatically. Manual von-Frey
filaments exert a non-noxious fixed pressure once the filament
is bent against the hindpaw while electronic von-Frey and
Randal-Selitto tests exert a gradual ramp of pressure which is
often noxious and elicit painful responses. It should be noted
that studies in mice found that the PWT was considerably
higher with electronic than manual von-Frey leading to specu-
lation that electronic von-Frey activates high-threshold mech-
anoreceptor while manual von-Frey filaments activate low
threshold mechanoreceptors [91]. On the other hand, the
Randal-Selitto test requires the animal to be heavily restrained
during the procedure while manual and electronic von-Frey
are applied in unrestrained animals [141]. The Randal-Selitto
test mainly activates nociceptors but can also stimulate low
threshold mechanoreceptors [141]. Mechanical sensitivity is
reported as PWT (grams) equivalent to the amount of force or
pressure needed to cause the animal to withdraw the hindpaw
from the filament or probe.

In thermal tests, irrespective of the heat source, tail flick test-
ing requires the animal to be restrained and tail-flick response
is primarily due to spinal reflex and associated with motor pro-
cessing rather than pain although the supraspinal processing to
the tail-flick response can be partially mediated by heat stimuli
[142-144]. The hot plate test also done in unrestrained animals
but it is subject to criticism as the whole body (forepaws, hind-
paws, and tail) of the animal is exposed to heat with the poten-
tial to cause unintended tissue damage as well as well as learned
behavioural responses which can lead to quick withdrawal in
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subsequent tests [91]. However, in Hargreaves or Radiant-heat
stimulation, the heat source is applied specifically underneath
the hindpaw and the animal need not be restrained [91]. While
these studies only assessed stimulus-evoked pain behaviours,
there are concerns regarding the clinical translatability of these
approaches. Therefore, in recent years, there has been interest
in the development and implementation of spontaneous or
non-stimulus evoked methods, such as grimace scales, bur-
rowing, weight bearing and gait analysis. Future studies in ro-
dent models of DPN should also consider such spontaneous or
non-stimulus evoked pain assessment.

DISCUSSION

This review has evaluated DPN phenotypes in diet-induced
and transgenic models of T2DM rats with reference to the
publication of the Neurodiab guidelines in 2014. Our analysis
shows a shift from transgenic to diet-induced models of T2DM
to study DPN, except for the ZDF rat, which remains a popular
choice. Among the diet and chemically induced models, all key
DPN endpoints have been fully characterized only in the HFD/
STZ model. Further work is needed to better characterize DPN
in HFHS diet or HFHFr diet plus STZ models and STZ/NA.
Studies with female rats are scarce and thus more studies
should be conducted to characterise sex differences in DPN
pathology. Evidence to date indicates no difference in DPN
phenotypes between male and female rats [40,60] and a recent
study in a mouse model of HFD induced prediabetes found no
sex difference in DPN phenotypes, though the onset of insulin
resistance was delayed in females [145]. A recent review female
mice and rats appear less susceptible to HFD-induced obesity
and metabolic insults compared to males despite similar PN
phenotypes [146]. More studies are needed in female rats or
head-to-head comparison between male and female rats utiliz-
ing different diets to induce T2DM and study DPN.

The proportion of studies including all three key DPN end-
points has not increased appreciably since publication of the
Neurodiab guidelines. Future research would benefit from
supplementing behavioural measures of DPN, which were
overwhelmingly most common, with nerve conduction and
structural analyses, performed in about half of the studies dis-
cussed here, to enable the ontogeny of DPN to be documented
systematically. Increasing use of corneal nerve fiber analysis
may complement the existing DPN phenotyping criteria. It is
important to note that there have been advances in the mea-
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surement of autonomic dysfunction in animal models of DPN
over recent years [147]. The ongoing development of this do-
main is an important future direction to support the inclusion
of autonomic dysfunction in studies and guidelines [148].

Our synthesis of the literature generates several novel in-
sights for future research. First, DPN symptomatology did not
appear to be dependent on disease duration, with altered me-
chanical and thermal sensitivity, nerve conduction and IENFD
observed across a range of short (0 to 6 weeks) and chronic (7
to 36 weeks) T2DM durations. T2DM induced a biphasic ef-
fect on thermal sensitivity, with hyperalgesia more common in
short duration diabetes and hypoalgesia more frequently ob-
served after long duration diabetes (Fig. 3). The molecular ba-
sis of this time-dependent dissociation between hyper- and
hypoalgesia was recently studied in a prospective observation-
al clinical study. Here, increased serum neurofilament light
chain level (indicative of axonal injury) associated with hyper-
algesia in T2DM patients with DPN while a decreased level of
circulatory mRNA of myelin protein zero (indicative of demy-
elination) was associated with hypoalgesia [149]. Moreover,
neurofilament light chain level correlated with quantitative
sensory tests involving small unmyelinated C-fibers (warm de-
tection, heat, and cold pain) whereas myelin protein zero
mRNA level correlated with quantitative sensory tests involv-
ing myelinated A-§ and A-f fibers (mechanical sensitivity).
However, these molecular markers were not correlated with
diabetes duration, directing future research to dissect the mo-
lecular mechanisms underlying this effect. In addition, one
study in ZDF rats implicated declining insulin levels in the
transition from thermal hyperalgesia to hypoalgesia across
prolonged disease duration [100].

While some transgenic models have declined in popularity,
we believe that their unique features hold value in modelling
distinct aspects of DPN pathophysiology and treatment in dif-
ferent T2DM populations (e.g., normal-weight T2DM pa-
tients). Overall, greater adherence to Neurodiab guidelines will
accelerate understanding of the mechanisms underlying DPN
and will drive the development of successful, translatable ther-
apies to reduce disease burden.
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