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Abstract
AIM: To investigate retrograde tracer transport by 
gastric enteric neurons in insulin resistant mice with 
low or high glycosylated hemoglobin (Hb).

METHODS: Under anesthesia, the retrograde tracer 
fluorogold was superficially injected into the fundus or 
antrum using a microsyringe in KK Cg-Ay/J mice prior 
to onset of type 2 diabetes mellitus (T2DM; 4 wk of 
age), at onset of T2DM (8 wk of age), and after 8, 16, 
or 24 wk of untreated T2DM and in age-matched KK/
HIJ mice. Six days later, mice were sacrificed by CO2 
narcosis followed by pneumothorax. Stomachs were 
removed and fixed. Sections from fundus, corpus and 
antrum were excised and mounted on a glass slide. 
Tracer-labeled neurons were viewed using a micro-
scope and manually counted. Data were expressed 
as the number of neurons in short and long descend-
ing and ascending pathways and in local fundus and 
antrum pathways, and the number of neurons in all 
regions labeled after injection of tracer into either the 
fundus or the antrum.

RESULTS: By 8 wk of age, body weights of KKAy mice 
(n  = 12, 34 ± 1 g) were heavier than KK mice (n  = 17, 
29 ± 1 g; F  (4, 120) = 4.414, P  = 0.002] and glyco-
sylated Hb was higher [KK: (n  = 7), 4.97% ± 0.04%; 
KKAy: (n  = 6), 6.57% ± 0.47%; F  (1, 26) = 24.748, 
P  < 0.001]. The number of tracer labeled enteric neu-
rons was similar in KK and KKAy mice of all ages in 
the short descending pathway [F  (1, 57) = 2.374, P  = 
0.129], long descending pathway [F  (1, 57) = 0.922, 
P  = 0.341], local fundus pathway [F  (1, 53) = 2.464, 
P  = 0.122], local antrum pathway [F  (1, 57) = 0.728, 
P  = 0.397], and short ascending pathway [F  (1, 53) 
= 2.940, P  = 0.092]. In the long ascending pathway, 
fewer tracer-labeled neurons were present in KKAy as 
compared to KK mice [KK: (n  = 34), 302 ± 17; KKAy: 
(n  = 29), 230 ± 15; F  (1, 53) = 8.136, P  = 0.006]. 
The number of tracer-labeled neurons was decreased 
in all mice by 16 wk as compared to 8 wk of age in 
the short descending pathway [8 wk: (n  = 15), 305 ± 
26; 16 wk: (n  = 13), 210 ± 30; F  (4, 57) = 9.336, P  < 
0.001], local antrum pathway [8 wk: (n  = 15), 349 ± 
20; 16 wk: (n  = 13), 220 ± 33; F  (4, 57) = 8.920, P  < 
0.001], short ascending pathway [8 wk: (n  = 14), 392 
± 15; 16 wk: (n  = 14), 257 ± 33; F  (4, 53) = 17.188, 
P  < 0.001], and long ascending pathway [8 wk: (n  = 
14), 379 ± 39; 16 wk: (n  = 14), 235 ± 26; F  (4, 53) 
= 24.936, P  < 0.001]. The number of tracer-labeled 
neurons decreased at 24 wk of age in the local fundus 
pathway [8 wk: (n  = 14), 33 ± 11; 24 wk: (n  = 12), 3 
± 2; F  (4, 53) = 5.195, P  = 0.001] and 32 wk of age 
in the long descending pathway [8 wk: (n  = 15), 16 
± 3; 32 wk: (n  = 12), 3 ± 2; F  (4, 57) = 2.944, P  = 
0.028]. The number of tracer-labeled enteric neurons 
was correlated to final body weight for local fundus 
and ascending pathways [KK: (n  = 34), r  = -0.746, P  
< 0.001; KKAy: (n  = 29), r  = -0.842, P  < 0.001] as 
well as local antrum and descending pathways [KK 
(n  = 36), r  = -0.660, P  < 0.001; KKAy (n  = 31), r  = 
-0.622, P  < 0.001]. In contrast, glycosylated Hb was 
not significantly correlated to number of tracer-labeled 
neurons [KK (n  = 17), r  = -0.164, P  = 0.528; KKAy (n  
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= 16), r  = -0.078, P  = 0.774].

CONCLUSION: Since uncontrolled T2DM did not uni-
formly impair tracer transport in gastric neurons, long 
ascending neurons may be more susceptible to persis-
tent hyperglycemia and low effective insulin.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION
Diabetes mellitus (DM), characterized by persistent hy-
perglycemia and a deficiency of  effective plasma insu-
lin, can result in neuropathy of  autonomic neurons. In 
rodent models of  type 1 DM (T1DM) and type 2 DM 
(T2DM), neuropathies of  the parasympathetic vagus 
nerve[1-3] and enteric neurons located within the wall of  
the gut[4,5] have been described. Many factors likely con-
tribute to the development of  autonomic neuropathy[6,7] 
including accumulation of  sorbitol in nerves[8,9], oxidative 
stress[10,11], and somal deficiency of  neurotrophins[7,12-14].

Neurotrophins, proteins that support the proper func-
tioning of  neurons, are retrogradely transported from the 
innervated organ to the soma by an axonal active trans-
port mechanism. Active axonal transport of  proteins in 
the vagus nerve was impaired in animal models of  DM. 
Early studies using nerve ligation demonstrated reduced 
axonal transport of  opiate receptors[15] and choline acet-
yltransferase[8] in the vagus nerve of  streptozotocin (STZ) 
rats with partial reversal by immediate treatment with 
insulin[15] or an aldose reductase inhibitor[8]. Retrograde 
transport by the vagus nerve of  endogenous neurotroph-
ins[8] or experimental neuronal tracers injected into the 
stomach[16,17] was impaired after 16 or 24 wk of  uncon-
trolled hypoinsulinemia and hyperglycemia in STZ rats. 
In a rodent model of  T2DM, the db/db mouse, axonal 
transport of  acetylcholinesterase[18,19] and choline acetyl-
transferase[20] in peripheral nerves was impaired, but only 
after at least 25 wk[18,19], approximately double the time 
observed in STZ models of  T1DM[16,17,21]. To date, active 
axonal transport of  proteins by enteric neurons located 
within the wall of  the gut has not been evaluated in ro-
dent models of  DM. We hypothesized that retrograde 
transport of  the neural tracer fluorogold (FG) would be 
impaired in enteric neurons, but only after prolonged in-
sulin resistance and hyperglycemia.

Coordinated contraction and relaxation of  fundus, 
corpus and antrum is required for normal storage and 

emptying of  gastric contents[22,23]. Enteric neural control 
of  contraction and relaxation of  gastric smooth muscle 
varied by region in rodent models of  DM[24,25]. Therefore, 
tracer transport in ascending and descending enteric 
neurons innervating the fundus and antrum, respectively, 
were evaluated.

These studies used an obese mouse model of  T2DM, 
the KKAy mouse. As the result of  an agouti mutation on 
a diabetes susceptible background (KK strain), the KKAy 
mouse overeats normal chow, accumulates adipose tis-
sue, and develops overt hyperglycemia. Since both mou
se groups are insulin resistant[26-28], but only the KKAy 
mouse group develops persistent hyperglycemia[26], the 
contribution of  overt hyperglycemia to enteric retrograde 
axonal transport could be determined. We hypothesized 
that the combination of  insulin resistance and overt hy-
perglycemia in KKAy mice would accelerate the onset of  
impaired FG transport by enteric neurons as compared 
to KK mice.

MATERIALS AND METHODS
Animals 
Female KK Cg-Ay/J mice (KKAy, strain 2468, n = 60), 
an obese model of  T2DM, and age-matched female 
KK/HIJ mice (KK, stock number 2106, n = 70), were 
obtained at 3-6 wk of  age (Jackson Laboratories, Bar 
Harbor, ME, United States). Initially, KKAy mice were 
screened for onset of  T2DM by urine glucose. Since 
most KKAy mice became diabetic at 8 wk of  age, onset 
of  T2DM was defined as 8 wk of  age and T2DM was 
untreated for 8, 16, or 24 wk. Body weight was recorded 
weekly. At sacrifice, drops of  whole blood were used to 
determine glycosylated hemoglobin (Hb) (A1C Now+®  
Multi Test A1C System; Bayer, Tarrytown, NY, United 
States) and stress-induced glucose (BD Logic blood glu-
cose monitor; Becton, Dickinson, and Co., Franklin Lakes,  
NJ, United States). Urine was drained from the bladder 
using a syringe and tested for glucose using uristix (Bayer). 
Urine was considered positive for glucose if  glucose was 
≥ 500 mg/dL.

Injection of FG into stomach
Surgeries were performed prior to onset of  T2DM (4 
wk of  age), at onset of  T2DM (8 wk of  age), and after 
8, 16, or 24 wk of  untreated T2DM (i.e., 16, 24, and 32 
wk of  age, respectively). The number of  mice at each 
age is shown in Table 1. Both KKAy and age-matched 
KK mice surgeries were performed on the same day us-
ing the same tracer solution. Surgeries were performed 
under ketamine (100-150 mg/kg, ip; Fort Dodge Animal 
Health, Fort Dodge, IA, United States) and xylaxine (8 
mg/kg, ip; Vedco, St. Joseph, MO, United States) anesthe-
sia. The neural tracer FG was used to assess active axonal 
retrograde transport in enteric neural pathways.

The tracer solution containing 4% FG (hydroxystilb-
amidine methanesulfonate; Invitrogen Molecular Probes) 
in dimethyl sulfoxide was superficially injected into the 
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ventral fundus or ventral antrum at 5 sites, 2 μL each, us-
ing a microsyringe (702RN, 25 μL; Hamilton, Reno, NV, 
United States) with replaceable needle (3/8, point style 
2, 33 G, Hamilton). An analgesic (buprenorphine, 0.05 
mg/kg, sc; Hospira, Inc., Lake Forest, IL, United States) 
was administered immediately after surgery. Ketoprofen (5 
mg/kg, ip; Fort Dodge Animal Health) was administered 
6 h after surgery and the following day. 

To promote selective labeling, care was taken to inject 
the tracer into the gastric wall and avoid leakage of  the 
tracer into the abdominal cavity. Other experiments per-
formed in the lab using the same injection technique have 
shown that ventral injection of  tracer into the stomach 
wall resulted in unilateral FG labeling of  efferent vagal 
neurons in the brainstem dorsal motor nucleus[29]. If  
tracer were not confined to the stomach wall, brainstem 
labeling would be bilateral.

Stomach removal
Six days after tracer injection, mice were sacrificed by 
CO2 narcosis followed by pneumothorax. Stomachs were 
removed, placed in oxygenated Krebs solution, trimmed, 
opened along the lesser curvature, and emptied of  con-
tents. The fundus was cut away from the corpus/antrum. 
Tissues were stretched and pinned, mucosa side up, in a 
sylgard-lined Petri dish then fixed overnight at 37 ℃ in 
4% paraformaldehyde in 0.1 mol/L PBS. The mucosa 
was removed. Using a razor blade, the center of  each 
fundus, corpus, and antrum region along the greater 
curvature was cut out and mounted on a glass slide then 
coverslipped. The approximate distances of  the excised 
sections from fundus injection sites were 0.6, 2.2, and 3.3 
cm for fundus, corpus, and antrum sections, respectively. 
The approximate distances from antrum injection sites 
were 3.2, 1.1, and 0.4 cm for fundus, corpus sections, and 
antrum sections, respectively. 

Counting FG-labeled neurons
Tracer-labeled neurons were viewed at 20× using a 

microscope (Leica DMIL with UV light source; Leica 
Microsystems Inc., Buffalo Grove, IL, United States) 
with attached digital camera (MagnaFire; Optronics, Go-
leta, CA, United States) using the Chroma filter for FG 
(11006V3 Gold: Ex. 300-390, Em. ≥ 515). Digital im-
ages (1280 by 1024 pixels) were 0.327 μm/pixel. Digital 
images were in 32 bit RGB color at an image resolution 
of  100 dpi and a computer screen resolution of  92 dpi. 
Labeled neurons were manually counted with the assis-
tance of  ImagePro Plus (version 4.5.0.29, Media Cyber-
netics, Silver Spring, MD, United States). The numbers 
of  labeled neurons in 20 adjacent images (418.6 μm by 
334.8 μm) of  the fundus and in 12 adjacent images of  
the corpus and antrum (total area: 2.8, 1.7, and 1.7 mm2, 
respectively) were counted and data were expressed as (1) 
total number of  tracer-labeled neurons in that pathway; 
and (2) total number of  neurons in all three regions la-
beled after tracer injection into the fundus or antrum.

Description of ascending, descending, and local enteric 
neural pathways 
Six pathways in the stomach were assessed in this study 
(Figure 1). Enteric neurons in ascending pathways had 
cell bodies in the corpus (short ascending pathways) or 
antrum (long ascending pathways) and nerve terminals in 
the ventral fundus, while those in descending pathways 
had cell bodies in the fundus (long descending pathways) 
or corpus (short descending pathways) and nerve termi-
nals in the ventral antrum. Enteric neurons in fundic local 
pathways had both cell bodies and nerve terminals in the 
ventral fundus, while those in antral local pathways had 
both cell bodies and nerve terminals in the ventral antrum.

Statistical analysis
All data were expressed as mean ± SE. Data were statis-
tically analyzed using SPSS (version 18.0, Chicago, IL). 
Independent factors for analysis of  variance included 
KK or KKAy, age (4, 8, 16, 24, or 32 wk) or pathway 
(ascending or descending). Both main effects of  one 

Figure 1  Cartoon of ascending, descending and local enteric pathways in the stomach. Enteric nerve terminals endocytosed the tracer fluorogold (small green 
circles) and it was transported back to cell bodies (large green circles) located in the fundus, corpus, or antrum. A: The retrograde tracer fluorogold was injected into 
the fundus. Red neurons were in the ascending pathway while blue neurons were in the local fundic pathway. The approximate distances from fundus injection sites 
were 0.6, 2.2, and 3.3 cm for fundus, corpus, and antrum sections, respectively; B: The retrograde tracer fluorogold was injected into the antrum. Purple neurons were 
in the descending pathway while blue neurons were in the local antral pathway. The approximate distances from antrum injection sites were 3.2, 1.1, and 0.4 cm for 
fundus, corpus, and antrum sections, respectively.
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independent factor and interactions of  two independent 
factors were evaluated and Sidak correction was used 
for post-hoc analysis. The ratios of  KK and KKAy mice 
with positive urine glucose were compared using χ 2. 
Correlations were performed using Pearson correlation 
(r), linear regression (r2) was performed using SigmaPlot 
(version 12.0, Systat Software, Inc., San Jose, CA). The 
number inside the bar in the graphs indicates the number 
of  animals in the group. A P value < 0.05 was considered 
statistically significant with aP < 0.05, bP < 0.01.

RESULTS
Animal characteristics 
Body weights of  KK and KKAy mice were similar at 4 
wk of  age (Table 2), then KKAy mice became heavier 
[interaction: KK/KKAy and age F (4, 120) = 4.414, P = 
0.002]. Body weight plateaued in KK and KKAy mice at 
24 and 16 wk of  age, respectively. 

 Glucose control was impaired in KKAy mice (Table 2). 
Glycosylated Hb, an index of  average plasma glucose over 
the previous 40 d for a mouse[30], was elevated in KKAy 
as compared to KK mice [main effect F (1, 26) = 24.748, 
P < 0.001] but did not change with age [main effect: F (3, 
26) = 1.916, P = 0.152]. For all mice 8 wk of  age and old-
er, glycosylated Hb was higher in KKAy mice (6.53 ± 0.31, 
n = 17) than in KK mice (5.02 ± 0.04, n = 17). The ability 
to raise blood glucose in response to stress was greater in 
KKAy as compared to KK mice. Stress-induced hypergly-
cemia was highest at 16 wk in KKAy mice (535 ± 47, n = 
7), but remained steady in KK mice (297 ± 20, n = 9) [in-
teraction: KK/KKAy and age F (4, 67) = 2.609, P = 0.043]. 
Glucose was detected in the urine of  some KKAy mice 
prior to onset of  T2DM, but was not detected in any KK 
mice.

Tracer-labeled neurons in enteric pathways
Six days after injection of  tracer into the fundus or an-
trum, FG accumulated in the cell bodies of  enteric neu-
rons of  the fundus, corpus, and antrum. Tracer-labeled 
enteric neurons of  the corpus are shown in Figure 2.

In the long ascending pathway (Figure 3A), signifi-

cantly fewer FG-labeled enteric neurons were detected 
in KKAy as compared to KK mice. For both KK and 
KKAy mice, the number of  FG-labeled neurons was re-
duced by 16 wk of  age and reached its lowest value at 24 
wk of  age. 

In the short ascending pathway (Figure 3B), there was 
a trend for fewer FG-labeled enteric neurons in KKAy 
as compared to KK mice. By 16 wk of  age, the numbers 
of  FG-labeled neurons were reduced as compared to 4 
and 8 wk of  age. The numbers of  FG-labeled neurons 
remained low at 24 and 32 wk of  age.

In the long (Figure 3D) and short (Figure 3E) de-
scending pathways, similar numbers of  FG-labeled en-
teric neurons were detected in KK as compared to KKAy 
mice. The total number of  FG-labeled enteric neurons 
reached its lowest value at 24 wk of  age for the short de-
scending pathway and 32 wk of  age for the long descend-
ing pathway.

A similar dominance of  ascending projections as com-
pared to descending projections reported in guinea pig 
stomach[31,32] was observed in this mouse study. At 4 wk 
of  age, more FG-labeled neurons were in the ascending 
pathways as compared to the descending pathways for 
KK and KKAy mice [main effect: F (1, 20) = 98.981, P < 
0.001; KK: ascending (n = 6), 858 ± 45; descending (n = 6), 
397 ± 55; KKAy: ascending (n = 6), 800 ± 37; descending 
(n = 6), 384 ± 37].

Similar numbers of  FG-labeled fundic (Figure 3C) and 
antral (Figure 3F) enteric neurons were detected in KK as 
compared to KKAy mice. In the local fundic pathway, the 

Table 1  Number of mice at each age with tracer injection 
into the fundus or antrum

Age (wk) Fundus Antrum

KK mice
   4 6 6
   8 8 9
   16 8 7
   24 6 8
   32 6 6
KKAy mice
   4 6 6
   8 6 6
   16 6 6
   24 6 7
   32 5 6

Table 2  Animal characteristics

 Body weight (g) HbA1c (%) Urine glucose1

4 wk of age
   KK 19.2 ± 0.4 < 4.0 0/6

(n = 12) (n = 3)
   KKAy 19.9 ± 0.5 < 4.0 2/6

(n = 12) (n = 3)
8 wk of age
   KK  29 ± 1d 5.0 ± 0.0 0/6

(n = 17) (n = 7)
   KKAy    34 ± 1b,d   6.6 ± 0.5b 1/31

(n = 12) (n = 6)
16 wk of age
   KK   35 ± 1d,f 5.1 ± 0.1  0/13

(n = 15) (n = 3)
   KKAy     43 ± 1b,d,f   7.5 ± 0.7b   8/111

(n = 12) (n = 3)
24 wk of age
   KK     40 ± 1d,f,h 5.3  0/12

(n = 14) (n = 2)
   KKAy      45 ± 1b,d,f   7.0 ± 0.9b   7/111

(n = 13) (n = 3)
32 wk of age
   KK   39 ± 2d,f 5.0 ± 0.1 0/9

(n = 12) (n = 5)
   KKAy     47 ± 1b,d,f  5.6 ± 0.5b 3/11

(n = 11) (n = 5)

1Number of mice with urine glucose ≥ 500 mg/dL out of the total number 
of mice tested for urine glucose. bP < 0.01 vs KK; dP < 0.01 vs 4 wk; fP < 0.01 
vs 8 wk; hP < 0.01 vs 16 wk. HbA1c: Haemoglobin A1c.
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total number of  FG-labeled enteric neurons was variable, 
reaching its highest value at 8 wk and its lowest value at 
24 wk of  age. In contrast, in the antral pathway, the total 
number of  FG-labeled enteric neurons was decreased by 
16 wk in KK and KKAy mice.
 
Correlation of FG-labeled neurons with body weight or 
blood glucose 
The total number of  FG-labeled neurons in all sections 
after injection into either the fundus or antrum was sig-
nificantly correlated to mouse final body weight, but not 
stress-elevated blood glucose (Figure 4). As KK mice 
aged and body weight increased, the total number of  
enteric neurons labeled by fundus injection (Figure 4A) 
decreased (n = 34, r = -0.746, P < 0.001). In the heavier 
KKAy mice, the correlation was stronger (n = 29, r = 
-0.842, P < 0.001). As a result of  injection into the an-
trum (Figure 4B), the total number of  FG-labeled neu-
rons similarly decreased with body weight in both groups 
of  mice [KK (n = 36), r = -0.660, P < 0.001; KKAy (n 
= 31), r = -0.622, P < 0.001]. In contrast, stress-elevated 
blood glucose was not correlated with the number of  
FG-labeled neurons [fundus injection (Figure 4C): KK (n 
= 17), r = -0.097, P = 0.712; KKAy (n = 15), r = 0.328, P 
= 0.232; antrum injection (Figure 4D): KK (n = 25), r = 
0.174, P = 0.407; KKAy (n = 20), r = 0.308, P = 0.187]. 
In addition, HbA1c was not correlated to number of  FG-
labeled neurons for antrum injection [KK (n = 17), r = 
-0.164, P = 0.528; KKAy (n = 16), r = -0.078, P = 0.774]. 
Data was not available for fundus injection.

DISCUSSION
The principal findings of  these studies were that (1) insu-
lin resistance, in the absence of  persistent hyperglycemia, 
slowed retrograde FG transport in KK mice at 16 wk 
of  age, the approximate age of  onset of  insulin resis-
tance[26-28]; and (2) persistent hyperglycemia, as indicated 
by elevated HbA1c, significantly slowed tracer transport 
in long ascending pathways in KKAy as compared to 
KK mice, but the age of  onset was unchanged. Persistent 
hyperglycemia did not significantly accelerate the age of  
onset of  neuropathy in KKAy as compared to KK mice.

Reduced numbers of  FG-labeled neurons may be due 
to many factors related to enteric neuropathy. Enteric 
neurons undergoing neuropathy may take up less tracer 
because of  limited endocytosis[33]. Retrograde transport 
of  tracer may be impaired due to glycosylation of  axonal 
cytoskeletal proteins[34-36]. The density of  nerve terminals 
in the tracer injection field may be reduced due to degen-
eration of  nerve terminal processes[3,37,38] or to low rates 
of  neuronal apoptosis[1,39] as a consequence of  metabolic 
disturbances[40]. In addition, impaired active axonal trans-
port of  growth factors to the neuronal soma, including 
insulin and neurotrophins[11,14,41-44], may both promote and 
exacerbate neuropathy[6,7]. 

Specific mechanism(s) in distinct populations of  neu-
rons may contribute more significantly to neuropathy. 
Many factors play a role in the development of  diabetic 
neuropathy[6,7,45], but treatments targeting a single mecha-
nism do not prevent neuropathy of  all autonomic neu-

A B

C D

40 mm

40 mm

40 mm

40 mm

Figure 2  Fluorogold-labeled enteric neurons in gastric corpus. A: Fluorogold-labeled ascending enteric neurons in KK mice; B: Fluorogold-labeled ascending 
enteric neurons in KKAy mice; C: Fluorogold-labeled descending enteric neurons in KK mice; D: Fluorogold-labeled descending enteric neurons in KKAy mice. The 
brightness of neurons varied depending on the amount of fluorogold transported to the cell body, but most neurons in the ganglia were labeled with fluorogold.
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Figure 3  Number of fluorogold-labeled neurons in enteric neural pathways in 4-32 wk old KK and KKAy mice. A: Long ascending pathway: The number of 
fluorogold (FG)-labeled neurons was significantly decreased in KKAy as compared to KK mice [main effect: F (1, 53) = 8.136, P = 0.006]. The numbers of FG-labeled 
neurons began to decrease with age in KK and KKAy mice at 16 wk of age with the fewest neurons detected at 24 wk of age [main effect: F (4, 53) = 24.936, P < 0.001]; 
B: Short ascending pathway: There was a trend for the numbers of FG-labeled neurons to be reduced in KKAy as compared to KK mice [main effect: F (1, 53) = 2.940, 
P = 0.092]. The number of FG-labeled neurons decreased with age in KK and KKAy mice [main effect: F (4, 53) = 17.188, P < 0.001]. By 16 wk of age, the numbers of 
FG-labeled neurons were reduced and remained low; C: Fundus: Similar numbers of FG-labeled neurons were observed in KK and KKAy mice [main effect: F (1, 53) = 
2.464, P = 0.122]. In KK and KKAy mice, the numbers of labeled FG neurons were highest at 8 wk and lowest at 24 and 32 wk [main effect: F (4, 53) = 5.195, P = 0.001]; D: 
Long descending pathway: Similar numbers of FG-labeled neurons were observed in KK and KKAy mice [main effect: F (1, 57) = 0.922, P = 0.341]. By 32 wk of age, 
the numbers of FG-labeled neurons were reduced as compared to younger ages [main effect: F (4, 57) = 2.944, P = 0.028]; E: Short descending pathway: Similar num-
bers of FG-labeled neurons were observed in KK and KKAy mice [main effect: F (1, 57) = 2.374, P = 0.129].  The numbers of FG-labeled neurons began to decrease 
in KK and KKAy mice at 16 wk of age with the fewest neurons detected at 24 wk of age [main effect: F (4, 57) = 9.336, P < 0.001]; F: Antrum: Similar numbers of FG-
labeled neurons were observed in KK and KKAy mice [main effect: F (1, 57) = 0.728, P = 0.397]. By 16 wk of age, the numbers of FG-labeled neurons were reduced 
as compared to 4 and 8 wk of age [main effect: F (4, 57) = 8.920, P < 0.001]. aP < 0.05, bP < 0.01 vs 4 wk; cP < 0.05, dP < 0.01 vs 8 wk; eP < 0.05 vs 16 wk.
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rons[46-48]. In this study, long ascending enteric neurons, 
but not long descending enteric neurons, displayed sig-
nificantly slower tracer transport in KKAy as compared 

to KK mice despite similar axonal lengths. Ascending 
enteric neurons are predominantly cholinergic[31,49-51]. Im-
paired axonal transport has been reported for acetylcho-
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linesterase[18,19] and muscarinic receptors[15] and debated 
for choline acetyltransferase[8,20,43,52] in rodent models of  
DM. Hence, active tracer transport in this subpopulation 
of  autonomic neurons with a cholinergic phenotype may 
be more susceptible to combined persistent hyperglyce-
mia and low effective insulin.

Age-related degeneration of  axonal branches[37,40] may 
contribute to the reduction in the number of  FG-labeled 
neurons observed in older as compared to younger mice. 
In young NMRI mice, the number of  myenteric neurons 
per ganglion section did not change between 1 and 3 
mo of  age[53]. Similarly, in this study, neuron density was 
unchanged from 4 to 8 wk of  age. In rats, gastric myen-
teric neurons have been reported to be less susceptible to 
age-related degeneration than intestinal myenteric neu-
rons[54,55]. The density of  gastric myenteric neurons was 
unchanged until 27 mo of  age, when density was reduced 
in the forestomach, but not corpus or antrum[55]. In this 
study, the initial reduction in FG labeled neurons was 
observed at 16 wk of  age in KK and KKAy mice. Hence, 
in mice with insulin resistance, the reduced delivery of  
target organ trophic factors back to the cell soma may be 
associated with increased susceptibility of  enteric neu-

rons, especially those with cholinergic phenotype[54], to 
age-related degeneration[37,56].

A heavier body weight, reflecting a higher degree of  
adiposity and therefore insulin resistance, contributed 
more strongly to enteric neuropathy than severity of  
hyperglycemia. The correlation of  total FG-labeled neu-
rons with body weight was stronger for heavier KKAy 
as compared to lighter KK mice. In contrast, the severity 
of  hyperglycemia was not correlated to total FG-labeled 
neurons. Other studies have also reported that insulin 
deficiency, but not hyperglycemia, was associated with se
verity of  peripheral neuropathy[14,38,57-59].

An increase in stomach size may result in a lower den-
sity of  nerve terminals in the injection field for FG en-
docytosis and subsequent reduction in FG labeling. The 
weights of  stomachs from 16 wk old KK and KKAy mice 
were similar [personal observation, KK (n = 4), 277 ± 40 
mg; KKAy (n = 4), 263 ± 33 mg, P = 0.80] suggesting 
that stomachs from KKAy mice were not hypertrophied.

Insulin resistance itself  in the absence of  persistent 
hyperglycemia slowed tracer transport in 16-wk-old KK 
mice. The addition of  persistent hyperglycemia in KKAy 
mice further slowed tracer transport in only long ascend-

Figure 4  Correlation of body weight or stress-elevated blood glucose with number of tracer-labeled enteric neurons. A: Body weight was correlated with 
number of neurons labeled by fundus injection (KK mice, r2 = 0.4362; KKAy mice, r2 = 0.3868); B: Body weight was correlated with number of neurons labeled by an-
trum injection (KK mice, r2 = 0.5565; KKAy mice, r2 = 0.7087); C: Stress-elevated blood glucose was not correlated with number of neurons labeled by fundus injection 
(KK mice, r2 = 0.0093; KKAy mice, r2 = 0.108); D: Stress-elevated blood glucose was not correlated with number of neurons labeled by antrum injection (KK mice, r2 
= 0.0301; KKAy mice, r2 = 0.0947). Legend: Black symbols and solid line, KK mice; white symbols and dashed line, KKAy mice; circle, 4 wk; inverted triangle, 8 wk; 
square, 16 wk; diamond, 24 wk; upright triangle, 32 wk. 
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ing enteric neurons without accelerating the age of  onset. 
Slowed active tracer transport in enteric neurons implies 
that retrograde transport of  endogenous neurotrophins 
required for maintenance of  normal nerve function may 
also be impaired[6,21,33,60]. Given the codependence of  neu-
rons and the target tissue on neurotrophins to preserve 
organ function[6], neuropathy resulting from impaired 
retrograde transport of  neurotrophins may result in im-
precise coordination of  gastric regions by ascending and 
descending inhibitory and excitatory enteric reflexes[61,62], 
thereby contributing to asynchronous gastric motor func-
tion[63,64].
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