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Abstract
Chronic hyperglycemia in diabetes induces abnormal nerve pathologies, resulting in diabetic
neuropathy (DN). Sensory symptoms of DN can manifest as positive (painful), negative (insensate),
or both. Streptozotocin (STZ)-induced diabetic C57Bl/6 mice have reduced cutaneous innervation
and display reduced behavioral responses to noxious stimuli, reflecting the insensate aspect of the
human syndrome. Current studies were undertaken to determine whether the diabetes-induced
deficits in pain responses are reflected by changes in spinal activation in this model of DN.
Nocifensive responses of nondiabetic and diabetic mice to formalin injection were measured 1, 3, 5
and 7 weeks post-STZ, and at each time point formalin-induced spinal Fos expression was quantified.
Responses of diabetic mice were significantly reduced during the second phase of the formalin test
beginning 3 weeks post-STZ, and during Phase 1 beginning 5 weeks post-STZ. Consistent with the
behavioral responses, the number of Fos-positive cells in the dorsal horn of diabetic animals was
significantly reduced beginning 3 weeks post-STZ and continuing 5 and 7 weeks post-STZ. The
deficits at 5 weeks post-STZ were restored by 2-week treatments with insulin or neurotrophins. These
results demonstrate that the reduced sensation occurring from progressive peripheral axon loss results
in functional deficits in spinal cord activation.
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PERSPECTIVE
The reduced expression of the immediate early gene Fos as an indicator of pain transmission
supports the diabetes-induced loss of sensation in this Type 1 model of diabetes. This murine
model may be better suited to understanding the insensate symptoms of diabetic patients in the
absence of chronic pain.

INTRODUCTION
Diabetic neuropathy (DN) is one of the principle chronic complications of both Type 1 and
Type 2 diabetes mellitus and currently affects more than half of diabetic patients. In human
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patients and animal models, DN commonly manifests as a distal symmetric sensory
polyneuropathy44,47 characterized by the distal degeneration of peripheral axons.12,18,19,
26,29,34 Axonal loss can also be accompanied by segmental demyelination22 and reduced
nerve regeneration capacity.27,38 Together these structural changes result in reduced
epidermal innervation, decreased nerve conduction velocities, and reduced amplitude of
sensory nerve action potentials. However, the exact manner in which the hyperglycemic
environment contributes to nerve damage is still unresolved.

In humans, diabetes-induced nerve dysfunction can produce a variable degree of motor and
autonomic symptoms, but sensory deficits are the predominant feature of DN. Sensory loss
develops in the majority of affected human patients, including both chronic numbness and
insensitivity to pain or touch. Painful symptoms (paresthesias, hyperalgesia, tactile allodynia)
are only reported in up to 32% of patients with DN, are most likely to present early in the
disease progression, and have a slightly higher prevalence in Type 2 diabetes.32,42,43,45

Current animal models of diabetes vary in their presentation of neuropathy symptoms.
Streptozotocin (STZ) is commonly used to induce diabetes in rodents because of its specific
toxic effects on pancreatic beta cells.28 STZ-treated rats develop mechanical, thermal, and
chemogenic hyperalgesia as well as tactile and thermal allodynia.6 These sensory
abnormalities are proposed to reflect the painful aspect of human diabetic neuropathy, yet do
not model the insensate symptoms suffered by the majority of human patients. In contrast, it's
widely known that STZ-treated C57BL/6 mice display reduced sensitivity to mechanical,
chemogenic, and, in some cases, thermal stimuli.11,13,49 In addition, STZ-induced diabetic
C57BL/6 mice display reduced dermal and epidermal innervation of the hindpaw, as well as
abnormalities in the central terminals of primary nociceptive neurons.3,12 Therefore, the STZ-
induced diabetic C57BL/6 mouse model may be better suited for exploring abnormal peripheral
nerve function associated with insensate symptoms.13

The relationship between an animal's behavior and pain status is inherently subjective, and it
is not absolute that rodent nocifensive withdrawal behaviors are directly related to the perceived
stimulus intensity. Fos is an immediate-early transcription factor expressed in second order
spinal neurons in response to a noxious peripheral stimulus and has been used as a surrogate
for peripheral nerve activation. In response to formalin injection into the hindpaw, Fos is
expressed in a temporal and spatial pattern consistent with the magnitude of nociceptive input
from the hindpaw.1,4,39 To test the hypothesis that diabetes-induced peripheral nerve damage
results in suppressed spinal activation, we compared spinal Fos expression in response to
formalin injection in nondiabetic and diabetic mice during the progression of neuropathy. In
addition, we tested whether insulin or neurotrophin treatments restored Fos expression in a
manner consistent with improved behavioral responses. Our results suggest that STZ-induced
sensory loss in C57Bl/6 mice reduces Fos expression in the dorsal horn in a manner consistent
with peripheral nerve damage and reduced primary afferent input. Moreover, treatments that
improve aspects of the neuropathy can similarly improve stimulus-induced Fos expression in
the spinal cord.

MATERIALS AND METHODS
Animals

All animal use was in accordance with NIH guidelines and conformed to the principles
specified by the University of Kansas Medical Center Animal Care and Use Protocol. In all
studies, 8-week-old male C57BL/6 mice (Charles River, Wilmington, MA) were housed 2−4
mice per cage on a 12:12-hour light/dark cycle under pathogen-free conditions with free access
to mouse chow and water.
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Experimental Design
In order to assess whether progressive behavioral deficits in diabetic mice represent true
hypoalgesia, nondiabetic and diabetic mice were injected with STZ or vehicle on Day 0 and
sacrificed 1, 3, 5, or 7 weeks later. Formalin testing was performed on the day of sacrifice for
each separate endpoint, and formalin-induced Fos expression was evaluated. Based on these
results, further experiments were performed in order to determine whether the concomitant
deficits observed in behavioral responses and Fos expression could be restored. At 5 weeks
post-STZ, nondiabetic and diabetic mice treated with insulin, neurotrophins, or CSF were
tested for formalin responses, sacrificed, and evaluated for Fos expression.

Diabetes Induction
Diabetes was induced by a single intraperitoneal injection of streptozotocin (Sigma, St. Louis,
MO; 180 mg/kg body weight) dissolved in 10 mM sodium citrate buffer, pH 4.5.50 Nondiabetic
mice were injected with sodium citrate buffer alone. Animal weight and tail vein blood glucose
levels using glucose diagnostic reagents (Sigma) were measured 1-week post-STZ and every
other week thereafter to assess diabetes. Only STZ-injected mice with blood glucose levels
greater than 16.0 mmol/L (288 mg/dL) were included in the diabetic groups; STZ-injected
mice with blood glucose levels below that standard were not included in the study.50 Blood
collection for the final time point was taken subsequent to formalin testing so that behavioral
measurements would not be influenced by the blood draw. Weight and blood glucose levels
were compared between nondiabetic and diabetic untreated animals using 2-way analysis of
variance (ANOVA) followed by post hoc analysis using the Fisher's PLSD test. Repeated
measures (RM) AVOVA was used to analyze weight and blood glucose of treated nondiabetic
and diabetic animals pre- and post-treatment.

Behavioral Analysis
The formalin test was performed prior to sacrifice 1, 3, 5 and 7 weeks post-STZ on nondiabetic
and diabetic mice by an experienced experimenter blinded to the condition of the mice. After
a 1 hr habituation to individual observation chambers, mice were injected subcutaneously with
20 μL of formalin (5% formaldehyde) into the dorsal surface of the right hindpaw using a 1CC
insulin syringe and 28-gauge needle. The amount of time devoted to the injected foot (licking
and biting) was recorded in two 10-minute windows during the acute (Phase 1; 0−10 min post-
injection) and inflammatory (Phase 2; 40−50 min post-injection) phases of the formalin test.
Differences in the attentive time spent to the injected foot during each phase were compared
between nondiabetic and diabetic mice at each time point using unpaired t-tests.

Fos Immunocytochemistry
The expression of Fos protein was examined in the spinal cords of nondiabetic and diabetic
mice. Two hours following formalin injection, when Fos protein is expressed at maximal levels,
4 mice were anesthetized with Avertin (1.25% v/v tribromoethanol, Sigma; 2.5% tert-amyl
alcohol, Sigma; 200 μL/10 g body weight) and transcardially perfused with ice cold 0.1 M
phosphate-buffered saline (PBS; pH 7.4) followed by ice cold 4% paraformaldehyde in PBS.
The spinal column and surrounding tissue were removed and post-fixed in the same fixative
overnight at 4°C. The lumbar enlargement of the spinal cord was dissected and cryoprotected
in 30% sucrose for 24 hours. Spinal segments L4/L5 were frozen in Tissue Tek (Sakura,
Torrance, CA) and sectioned on a cryostat at 20 μm. Sections were mounted on Superfrost Plus
slides (Fisher Scientific, Chicago, IL) and stored at −20°C.

Following a 5 min thaw at room temperature, slide-mounted tissue was incubated under
humidified conditions with 0.5% Triton-X in PBS for 20 min, 10% normal horse serum in PBS
for 10 min, and with primary antibodies against c-Fos (rabbit; 1:3000; EMD Biosciences, La
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Jolla, CA) and NeuN (mouse; 1:1000; Chemicon) diluted in PBS for 16 hr at 4°C. For
visualization, the primary antibodies were removed by three washes in PBS, and sections were
incubated for 1 hr at 4°C with fluorochrome-conjugated secondary antibodies (chicken anti-
rabbit Alexa 488, 1:2000; donkey anti-mouse Alexa 555, 1:2000; Molecular Probes, Eugene,
OR). Sections were rinsed and coverslipped before viewing, and sections from all treatment
groups and time points were included in each experiment to standardize immunocytochemical
processing differences amongst all groups.

Quantification of Fos-positive neurons
The number of dorsal horn spinal neurons ipsilateral to formalin injection containing Fos-like
immunofluoresence was counted live under the microscope at 20X by an experimenter blinded
to the groups. Fos-positive cells were identified by strong nuclear staining, and only Fos-
positive cells colabeled with NeuN, a neuronal marker, were counted. Fos-positive cells were
assigned to established dorsal horn laminar regions I/II, III/IV, and V/VI. Counts from the 3
laminar regions were summed to yield the total number of Fos-positive dorsal horn cells for
each section. The sum of Fos counts represent the average of labeled dorsal horn nuclei in 10
sections, each separated by at least 60 μm, throughout the length of L4/L5 spinal segments of
each cord. Differences in the total number of Fos-positive cells between nondiabetic and
diabetic animals at each time point were compared using unpaired t-tests. Differences in the
number of Fos-positive cells in laminar regions at each time point were analyzed using 2-way
ANOVA followed by post hoc analysis using Fisher's PLSD.

Insulin Administration
Three weeks after diabetes induction, slow-release insulin pellets (13 +/− 2 mg each; 0.1 U/
day/implant; LinShin Canada, Inc., Scarborough, Ontario, Canada) were implanted
subcutaneously in the dorsal skin of diabetic mice (2 implants for the first 20 g body weight;
1 implant for each additional fraction of 5 g body weight) and remained for 2 weeks. After one
week an additional pellet was added if blood glucose levels were not below 16 mmol/L. Weight,
blood glucose levels, and symptoms of hyperglycemia were monitored as previously detailed.
Sham pellets were not administered. At 5 weeks post-STZ, behavioral analysis, sacrifice, and
Fos immunocytochemistry were performed and quantified as described above. Differences in
the attentive time spent to the injected foot during each phase of the formalin test were
compared between nondiabetic, untreated diabetic, and insulin-treated diabetic mice using 1-
way ANOVA followed by post hoc analysis using Fisher's PLSD. Differences in the total
number of Fos-positive cells were compared using 1-way ANOVA followed by Fisher's PLSD.
Differences in the number of Fos-positive cells in laminar regions were analyzed using 2-way
ANOVA followed by Fisher's PLSD.

Neurotrophin Administration
Beginning 3 weeks after diabetes induction, diabetic and nondiabetic mice received daily
intrathecal injections (50 μL; 1 μg neurotrophin) of NGF or GDNF (Chemicon International,
Inc.) for 2 weeks. Growth factors were delivered intrathecally to improve delivery to the DRG,
avoiding problems related to the insufficient retrograde transport of trophic factors that is
known to occur in diabetic animals.3,12 Individual trophic factors were dissolved in artificial
cerebrospinal fluid (CSF) at a concentration of 20nM. Control mice received intrathecal
injections of CSF alone as a control for the intrathecal injection paradigm. Intrathecal injections
were delivered between the L6 and the S1 vertebrae using a 28-gauge insulin syringe.21 The
physiological conditions of all CSF-, NGF- and GDNF-treated mice were monitored as
previously detailed. At 5 weeks post-STZ, behavioral analysis, sacrifice, and Fos
immunocytochemistry were performed and quantified as described above. Differences in the
attentive time spent to the injected foot during each phase of the formalin test were compared
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between CSF-, NGF- and GDNF-treated diabetic and nondiabetic mice using 1-way ANOVA
followed by post hoc analysis using the Fisher's PLSD test. Differences in the total number of
Fos-positive cells were compared using 1-way ANOVA followed by Fisher's PLSD.
Differences in the number of Fos-positive cells in laminar regions were analyzed using 2-way
ANOVA followed by Fisher's PLSD.

RESULTS
STZ-Induced Diabetes

STZ-injected mice demonstrated symptoms typical of STZ-induced diabetes including
polydipsia, polyuria, and weight loss. By 1 week post-STZ, over 90% of STZ-injected mice
had significantly higher blood glucose levels compared to vehicle-injected mice; this difference
was maintained throughout the study (Table 1). Nondiabetic mice increased in weight by 30.5%
over the course of the study, while diabetic mice lost 14.0% of their weight in the first week
following STZ injection and failed to gain weight in the remaining weeks (Table 1). Despite
these differences, nondiabetic and diabetic mice were generally similar in their locomotor/
grooming activity during the observation period after formalin injection, suggesting any
reductions in the sensitivity to formalin were not simply due to poor health or lethargy in
diabetic mice.

Diabetes-Induced Deficits in Formalin-Induced Pain Behavior
To determine the progression of diabetes-induced sensory deficits, the responsiveness to
formalin injection was assessed in groups of nondiabetic and diabetic mice 1, 3, 5 and 7 weeks
following STZ injection (Figure 1). In nondiabetic mice, formalin injection resulted in a typical
biphasic response including both an acute (Phase 1) and an inflammatory (Phase 2) phase.36
In comparison, diabetic mice gradually developed diminished responses to formalin injection
during the 7 weeks following STZ-injection compared to nondiabetic mice. At 1 week post-
STZ (Figure 1A), the amount of time devoted to the injected foot did not differ between
nondiabetic and diabetic mice. At week 3 post-STZ (Figure 1B), diabetic mice displayed a
significantly reduced Phase 2 response, responding 86.6% less than nondiabetic mice, the most
severe reduction of the study. By week 5 (Figure 1C), responses during both Phase 1 and Phase
2 were significantly reduced (by 56.6% and 76.8%, respectively) in diabetic compared to
nondiabetic mice. This pattern was maintained 7 weeks post-STZ (Figure 1D) when responses
by diabetic mice were significantly reduced during Phase 1 and Phase 2 by 59.6% and 40.9%,
respectively.

Diabetes-Induced Reductions in Spinal Fos Expression
To determine whether the diabetes-induced deficits in pain behaviors were reflected in changes
in spinal activation, mice were sacrificed following the formalin test, and the expression of Fos
protein was evaluated in tissue sections of L4-L5 lumbar segments of spinal cords from both
nondiabetic and diabetic mice 1, 3, 5 and 7 weeks following STZ-injection. In sections from
both groups of animals, Fos immunoreactivity was concentrated in the nuclei of small neurons
in the superficial and neck regions of the dorsal horn ipsilateral to the formalin injection (Figure
2A, B). Few Fos-positive neurons were observed in the contralateral dorsal horn. In spinal cord
sections from diabetic animals (Figure 2D, F, H, J), the number of Fos-positive neurons was
visibly decreased by week 5 (Figure 2H) compared to nondiabetic animals (Figure 2G), an
effect more pronounced by week 7 (Figure 2I, J.)

In nondiabetic mice, the total number of Fos-positive neurons per 20 μm section in the dorsal
horn averaged 143.1 +/− 8.65, 136.1 +/− 7.89 and 136.1 +/− 17.04 at 3, 5 and 7 weeks post-
STZ, respectively (Figure 2E, G, I; 3C, E, G). At each time point, laminae I/II contained the
greatest percentage of Fos-positive neurons, containing a little over half the total number of
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Fos-positive neurons per dorsal horn section (Figure 2; 3B-E). Laminae V/VI represented the
lowest contribution to the total, never containing more than 30.0 +/− 2.03 Fos-positive neurons
per section.

At 1 week post-STZ, there were no significant differences between nondiabetic and diabetic
mice in the number of Fos-positive cells found in any laminar group (Figure 3B) or in total
(Figure 2C, D; 3A). At 3 weeks post-STZ, although there was no significant difference in the
total number of Fos-positive cells (Figure 2E, F; 3C), there were significantly fewer Fos-
positive cells in laminae I/II (Figure 3D) of spinal cords from diabetic compared to nondiabetic
mice. There were no differences found in the other laminar regions. By 5 weeks post-STZ, the
decline in the total number of dorsal horn Fos-positive cells per section reached statistical
significance (Figure 2G, H; 3E), at which time diabetic mice had 35.5% fewer than nondiabetic
mice. All laminar regions appeared to contribute to this reduction, with significant losses in
laminae I/II, III/IV, and V/VI (Figure 3F). By week 7, there was a significant 40.7% reduction
in the total number of Fos-positive cells (Figure 2I, J, 3G), due primarily to reductions in
laminae I/II and III/IV (Figure 3H).

Insulin Effects on Diabetes-Induced Deficits in Pain Behavior and Fos Expression
To evaluate the ability of insulin to restore the diabetes-induced deficits in pain behavior and
Fos expression, diabetic mice 3 weeks post-STZ received insulin from slow-release pellets for
2 weeks. At the end of the 2-week insulin treatment, insulin-treated animals had increased in
body weight from 19.5 +/− 2.26 g at the start of treatment to 23.3 +/− 0.84 g (P = 0.0987) and
significantly improved over untreated diabetic mice (P < 0.05). Similarly, the blood glucose
levels of insulin-treated diabetic animals decreased from 22.8 +/− 1.71 mmol/L to 17.3 +/−
3.43 mmol/L at the time of sacrifice. Though this level was not significantly different from
untreated diabetic animals (21.3 +/− 0.82 mmol/L at 5 weeks post-STZ; P = 0.0902), the
insulin-treated animals improved in overall appearance and general health, and it is possible
that the insulin pellets were nearly depleted by the end of the study and thus failed to maintain
euglycemia throughout the entire 14-day treatment.

To determine whether insulin treatment could restore the sensory deficits induced by diabetes,
the behavioral response to formalin injection of insulin-treated diabetic mice 5 weeks post-
STZ was compared with that of the nondiabetic and untreated diabetic mice at the same time
point. Insulin-treated mice did not devote significantly more attentive time to the injected foot
during Phase 1 of the formalin test. However, insulin restored the behavioral responses during
Phase 2 to that of nondiabetic mice (P = 0.5392), significantly increasing the time devoted to
the injected foot over untreated diabetic mice (Phase 2, P < 0.0001; Figure 4A). Similarly,
insulin restored formalin-induced spinal Fos expression in diabetic mice, significantly
increasing the number of Fos-positive dorsal horn neurons per section compared to untreated
diabetic mice, both in total (P < 0.05, Figure 4B) and in laminae I/II (P < 0.05, Figure 4C). It
is important to note that the nondiabetic and untreated diabetic animals did not receive sham
pellets, creating a potential confound.

Neurotrophin Effects on Diabetes-Induced Deficits in Pain Behavior and Fos Expression
To evaluate the ability of neurotrophins to restore the diabetes-induced deficits in pain behavior
and Fos expression, diabetic mice received daily intrathecal injections of NGF, GDNF, or
vehicle (CSF) 3 weeks post-STZ for a duration of 2 weeks. CSF-treated diabetic mice decreased
in weight from 21.5 +/− 0.65 g at the time of STZ-injection to 18.5 +/− 1.66 g at 5 weeks post-
STZ (Table 2). At the time of sacrifice blood glucose levels were 26.3 +/− 0.53 mmol/L.
Diabetic mice receiving intrathecal treatment with either NGF or GDNF for 2 weeks underwent
decreases in weight and continued hyperglycemia similar to CSF-diabetic mice. Statistical
analysis showed there was not a significant effect of treatment on weight (P = 0.8902) or
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glucose (P = 0.9449) over time, suggesting NGF and GDNF intrathecal treatments had no
effect on these parameters (Table 2).

To evaluate the ability of neurotrophins to restore diabetes-induced behavioral and functional
deficits, formalin responses and Fos expression were evaluated in 5-week post-STZ diabetic
mice treated with CSF, NGF, or GDNF. Although not significant, the time devoted to the
injected foot during Phase 1 and Phase 2 of the formalin test in NGF-treated animals was
elevated (Figure 5A). GDNF failed to increase the time devoted to the injected foot during
Phase I, but did produce a non-significant increase in Phase 2 (Figure 5A). It should be pointed
out that the number of animals treated was only 4−7, which was lower than the N's of formalin
experiments in Figure 1. Importantly, however, both NGF and GDNF treatments increased the
total number of Fos-positive cells expressed in diabetic spinal cords over CSF-treated diabetic
mice (NGF, P < 0.05; GDNF, P = 0.0602; Figure 5B). In NGF-treated mice, Fos expression
was increased in laminae I/II (P < 0.05), III/IV (P < 0.05), and V/VI (P < 0.05); in GDNF-
treated mice, laminae III/IV (P = 0.0555) and V/VI (P < 0.05; Figure 5C).

Neurotrophin Effects on the Pain Behavior and Fos Expression of Nondiabetic Mice
In addition to neurotrophin treatment in diabetic mice, we also treated nondiabetic mice to 2
weeks of daily intrathecal injections with CSF, NGF, or GDNF (Figure 6). Statistical analysis
did not reveal a significant effect of treatment on behavioral responses to the formalin test
during Phase 1 (P = 0.9528) or Phase 2 (P = 0.3924; Figure 6A). Similarly, neurotrophin
treatment did not alter total Fos expression (P = 0.8542; Figure 6B) or Fos expression in laminar
groups (P = 0.6640; Figure 6C).

DISCUSSION
STZ-treated C57BL/6 mice progressively develop reduced sensitivity to mechanical and
noxious chemogenic stimuli,13 and these sensory deficits resemble the insensate symptoms
experienced by most human diabetic neuropathy patients. In addition to suppressed pain
responses, these diabetic mice have significant reductions in hindlimb cutaneous nerve
fibers12 and abnormal spinal afferent terminations.3 Collectively, these deficits suggest that
chronic hyperglycemia causes nerve damage in C57Bl/6 mice sufficient to reduce sensory input
from the periphery. The present study extends these findings by delineating the relationship
between behavioral responses to formalin injection and spinal activation as measured by Fos
expression. Our results demonstrate the time course by which STZ-induced diabetic mice
develop increasingly diminished sensitivity to chemogenic noxious stimuli. Moreover, diabetic
mice display reduced Fos expression in response to formalin, and these deficits parallel the
progression of the behavioral abnormalities and are consistent with known diabetes-induced
changes in neural anatomy and animal behavior.12,13 These results strengthen the view that
neuropathy induced in STZ-treated C57BL/6 mice can be used to explore sensory loss as a
complication of diabetes.

Chemogenic Hypoalgesia in Diabetic C57Bl/6 Mice
Formalin injection into the hindpaw is a well-established model of chemogenic pain that causes
an acute and a continuous secondary pain stimulus.33,36 Thought to arise from direct activation
of primary afferent fibers, the acute phase elicits robust nocifensive responses toward the
injected foot. During the second phase, these responses are induced by activation of sensory
fibers as a secondary response to inflammation, although central sensitization of spinal neurons
has also been posited as an additive mechanism.2,40 We have previously reported reductions
in behavioral responses of C57BL/6 diabetic mice during both phases of the formalin test 9
weeks post-STZ.13 It is important to note that the presence of hypoalgesia versus hyperalgesia
is likely dependent on the strain and species, as studies in diabetic rats have reported
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chemogenic hyperalgesia during both the quiescent and inflammatory phases.7,8,9 Similarly,
studies in outbred strains of diabetic mice have reported chemogenic hyperalgesia in response
to formalin.23,24,25,46

Here, we demonstrate that as the neuropathy progresses, reduced behavioral responses do not
emerge in Phase 2 until 3 weeks post-STZ. In comparison, deficits during Phase 1 were not
apparent until 5 weeks post-STZ. The precedent loss of the Phase 2 response suggests diabetes
might initially affect inflammatory-associated aspects of pain. Such aspects may include the
release or function of inflammatory mediators, the delivery of those mediators to the injury
site (implicating microvascular occlusion), or the response of neurons to those mediators. The
Phase 1 response appeared more resistant to diabetes and may reflect the degree of cutaneous
innervation. This view is supported by recent studies in a Type 2 diabetes model (db/db mice)
in which epidermal and dermal fiber density is normal in long-term hyperglycemic mice. These
mice have reduced responses to formalin in Phase 2, but Phase 1 is normal.51

Diabetes-Induced Suppression of Spinal Fos Expression in Response to Formalin
Formalin injection induces spinal Fos expression in a temporal and spatial pattern consistent
with the magnitude of nociceptive input from the hindpaw.1,39 Here, formalin injection
induced Fos expression in both nondiabetic and diabetic mice within the superficial (laminae
I/II), middle (III/IV) and neck (V/VI) regions of the ipsilateral dorsal horn. Neurons in laminae
I/II are the terminal targets of primary nociceptive afferents and project to deeper laminae and
higher brain regions. Formalin-induced Fos expression in these laminae is driven
monosynaptically by small nociceptive primary afferents activated in the injected paw.39 In
contrast, neurons in laminae III/IV respond to input from innocuous stimuli.4,20 Neurons in
lamina V/VI also receive direct input from primary nociceptive afferents; however, a recent
report suggested laminae V/VI neurons also receive projections from lamina II neurons, project
to pain-related brain regions and may be an important convergence point of sensory
information.5 Collectively, the overall laminar distribution of Fos expression appears to code
the nature of the stimulus as well as the nociceptive intensity perceived by the animal.4,20

Here, decreased spinal Fos expression in STZ-injected diabetic mice paralleled the progression
of deficits in nocifensive responses to formalin injection. Significant reductions in Fos
expression were evident in lamina I/II 3 weeks post-STZ, concomitant with reduced behavioral
responses during Phase 2 of the formalin test. By weeks 5 and 7, the suppressed responses of
Phase 1 and 2 were manifested in reduced Fos expression in all laminae. It is plausible that
chronic hyperglycemia may directly attenuate Fos expression in the cord. Indeed, several
studies have reported that diabetes reduces the expression of a wide range of genes in neural
tissues.41 However, recent studies in rats report increased Fos expression in diabetic rats with
pain, suggesting that Fos expression likely remains a reliable indicator of peripheral nerve
input.35

As mentioned above, STZ-induced diabetic rats display increased sensitivity to thermal, tactile,
and chemical stimuli. It has been proposed that the occurrence of hyperalgesia and allodynia
in the seemingly incongruous presence of reduced peripheral input (evidenced by reductions
in intraepidermal nerve fiber density and diminished substance P release centrally) is the result
of aberrant information processing at higher levels.6,8,29 Calcutt (2004) has suggested that
studies showing an upregulation of spinal nociceptive mediators14,15,16,48 and increased
electrophysiologic activity10,37 in spinal neurons of diabetic rats support this hypothesis and
imply an enhancement of spinal nociceptive processing.6 However, our results demonstrating
decreased Fos expression in the dorsal horn show this not to be the case in diabetic C57Bl/6
mice. Rather, our evidence suggests the reduced peripheral input in STZ-treated C57BL/6 mice
results in decreased activation of the spinal cord by peripheral afferents and thus diminished
pain perception.
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Restoration of Stimulus-Induced Behavior and Fos Expression by Insulin
The Diabetes Control and Complications Trial and the Epidemiology of Diabetes Interventions
and Complications follow-up study emphasized the importance of early interventions aimed
at maintaining proper glycemic control for preventing neuropathy in human patients.17 In
diabetic mice, insulin treatment has been shown to effectively restore mechanical and
chemogenic behavioral responses.13 Here, we administered insulin to diabetic mice to test
whether the diabetes-induced deficits in formalin responses and Fos expression were
reversible. Diabetic mice given insulin resumed weight gain and improved blood glucose
levels. Although insulin-treated diabetic mice did not reach euglycemia, tail vein blood was
collected without prior removal of mouse feed, and the high metabolic rate and frequent feeding
behaviors of mice may have increased the variability of measurements and resulted in higher
levels. Despite the lack of euglycemia at sacrifice, insulin-treated diabetic mice responded
normally during Phase 2 of the formalin test, significantly improving over untreated diabetic
mice. This improvement was also reflected in spinal Fos expression. Insulin administration
increased the total number of dorsal horn Fos-positive cells, specifically in laminae I/II, which
suggests insulin prevented the diabetes-induced reduction in Fos expression in response to
formalin. The ability of insulin to restore the sensory deficits in diabetic mice is supportive of
the view that these deficits are specific to the chronic hyperglycemia, although direct actions
of insulin cannot be ruled out.30

Neurotrophin Treatment Improves Stimulus-Induced Fos Expression
Neurotrophic support has long been thought to play a role in the progression of diabetic
neuropathy, and as treatments neurotrophins have shown sporadic but encouraging effects on
improving sensory deficits in diabetic neuropathy.31,52 Our previous studies have utilized
both NGF and GDNF in a number of settings to test their actions on sensory deficits in diabetic
C57Bl/6 mice.3,12,13 For example, intrathecal NGF treatment to diabetic mice increases
behavioral responses to mechanical and chemogenic stimuli, but had no effect on increasing
peripheral innervation of the hindpaw. The increased behavior in the absence of effects on
peripheral innervation may be explained by NGF's ability to sensitize afferents, leading to
increased central input. Here, NGF again had a non-significant but positive effect on
chemogenic hypoalgesia and increased the Fos-positive neurons in all laminae. If NGF's
actions are indeed via peripheral sensitization, the increase in Fos expression in diabetic mice
suggests NGF can sensitize afferents sufficiently to increase central activation and pain
behavior.

In contrast to NGF, we have reported that GDNF treatment of diabetic mice restores pain
behaviors, increases axonal density in skin, and improves staining of terminals in the dorsal
horn.3,12,13 Consistent with these actions, GDNF increased stimulus-induced Fos expression
in the spinal cord, particularly in the deeper laminae. These effects are consistent with improved
sensory innervation and function, leading to improved spinal activation and responses to
painful stimuli. These results suggest both NGF and GDNF can influence spinal activation in
response to peripheral stimulation. Accessing signaling pathways related to these
neurotrophins may lead to increased sensation in patients with insensate symptoms.

Our results show that although there is a good correlation between behavior and Fos expression,
there are subtle disconnects in the degree to which different measures of rodent
somatosensation indicate pain sensitivity. Fos may be a more direct measure of afferent drive
in response to a painful stimulus, whereas behavioral responses to an injured limb are a sum
of peripheral and central processing. Our studies suggest multiple measures should be
performed to acquire the best evaluation of pain sensation.
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Figure 1. The behavioral response to formalin is impaired in diabetic mice.
The behavioral responses of nondiabetic and diabetic mice to formalin injection recorded in
10 min. windows during Phase 1 and Phase 2 of the formalin test prior to sacrifice at 1 (A), 3
(B), 5 (C), and 7 (D) weeks following STZ injection. (A) One week post-STZ, the amount of
time devoted to the injected foot did not differ between nondiabetic and diabetic mice. (B) At
3 weeks post-STZ, diabetic mice devoted significantly less time to the injected foot during
Phase 2. (C) Diabetic mice displayed significantly reduced behavioral responses during both
Phase 1 and 2 at 5 weeks post-STZ. (D) This pattern was maintained during both Phase 1 and
2 at 7 weeks post-STZ. Data plotted as means +/− standard error of mean. * P < 0.05 vs
nondiabetic mice, # P < 0.0001 vs nondiabetic mice.
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Figure 2. Formalin-induced expression of Fos in the mouse lumbar spinal cord.
Representative images at low magnification (A, B) and high magnification (C-J) of Fos-
positive neurons in the lumbar spinal cord after formalin injection. A, B) Formalin-induced
Fos expression was apparent predominantly on the ipsilateral side to the formalin injection in
both nondiabetic and diabetic mice, albeit in fewer neurons in diabetic mice. Images were taken
from mice 7 weeks post-STZ. C-J) Comparisons of Fos-positive neurons were made between
nondiabetic (left side) and diabetic (right side) mice. Fos expression appeared relatively normal
in diabetic animals at weeks 1 (C, D) and 3 (E, F) post-STZ. However, Fos expression was
visibly decreased in diabetic mice at 5 (G, H) and 7 (I, J) weeks. Scale bar, 100 μm for each
image.
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Figure 3. Quantification of formalin-induced Fos expression in diabetic mice.
A, C, E, G) Quantification of total Fos expression in the dorsal horn of nondiabetic and diabetic
mice. Comparisons between nondiabetic and diabetic mice revealed a significant decrease in
Fos-positive neurons at weeks 5 and 7.
B, D, F, H) Quantification of Fos expression within laminar regions. B) One week post-STZ,
an analysis of Fos-positive neurons within specific laminar regions revealed no significant
differences between nondiabetic and diabetic animals. C) In contrast, analysis at 3 weeks post-
STZ revealed a significant reduction in Fos-positive neurons within laminae I/II in diabetic
versus nondiabetic mice. D) More severe reductions in Fos-positive neurons in diabetic mice
were evident at 5 (D) and 7 (E) weeks post-STZ in all laminae, with the exception of laminae
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V/VI at 7 weeks. Data plotted as means +/− standard error of mean. * P < 0.05 vs nondiabetic
mice.
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Figure 4. Insulin increases formalin-induced pain responses and spinal Fos expression.
The behavioral responses (A) and Fos expression (B, C) of nondiabetic, untreated diabetic, and
insulin-treated diabetic mice following formalin injection at 5 weeks post-STZ. Nondiabetic
and untreated diabetic groups are the same mice used in Figure 3 E, F. A) During Phase 1,
behavioral responses of insulin-treated diabetic animals were not significantly higher than in
untreated diabetic animals. During Phase 2 of the formalin test, insulin-treated diabetic mice
devoted significantly more time to the injected foot than untreated diabetic mice and did not
perform significantly different from nondiabetic mice. B) Insulin-treated diabetic mice also
had significantly greater total numbers of Fos-positive dorsal horn neurons per spinal cord
section than untreated diabetic mice and were not significantly different from nondiabetic mice
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(P = 0.4901). C) Insulin significantly increased the number of Fos-positive neurons per section
in laminae I/II compared to untreated diabetic mice. Data plotted as means +/− standard error
of mean. * P < 0.05 vs untreated diabetic mice, # P < 0.0001 vs untreated diabetic mice.
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Figure 5. NGF and GDNF increase formalin-induced spinal Fos expression
The behavioral responses (A) and Fos expression (B, C) of diabetic mice receiving 2 weeks of
daily intrathecal injections of vehicle (CSF), NGF, or GDNF. A) At 5 weeks post-STZ,
statistical analysis did not show an effect of treatment group on the Phase 1 or 2 behavioral
responses over time. B) Both NGF and GDNF treatment increased the overall number of Fos-
positive neurons per section compared to CSF-treated mice. C) NGF treatment significantly
increased Fos-positive neurons within all laminae, while GDNF treatment increased Fos-
positive neurons within laminae III/IV and V/VI. Data plotted as means +/− standard error of
mean. * P < 0.05 vs CSF-injected diabetic mice.
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Figure 6. NGF and GDNF did not alter formalin responses or formalin-induced spinal Fos
expression in nondiabetic mice
The behavioral responses (A) and Fos expression (B, C) of nondiabetic mice receiving 2 weeks
of daily intrathecal injections of vehicle (CSF), NGF, or GDNF. A) At 5 weeks post-STZ,
statistical analysis did not show an effect of treatment group on the Phase 1 or 2 behavioral
responses over time. B) Neither NGF nor GDNF treatment altered the overall number of Fos-
positive neurons per section compared to CSF-treated mice. C) NGF and GDNF treatment did
not change the number of Fos-positive neurons within any laminar region. Data plotted as
means +/− standard error of mean.
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Table 2
Weight and blood glucose levels of diabetic and nondiabetic mice receiving 2-week intrathecal treatment with
CSF, NGF, or GDNF starting 3 weeks post-STZ. Weight is in grams; glucose levels are mmol/L. Data represented
as means +/− standard error of mean. Statistical analysis did not reveal an effect of treatment on weight or blood
glucose.

Pre-Treatment Post-Treatment

Diabetic
CSF Weight 19.0 +/− 0.91 18.5 +/− 1.66

Glucose 22.6 +/− 0.93 26.3 +/− 0.56
NGF Weight 19.3 +/− 0.42 20.3 +/− 0.97

Glucose 24.8 +/− 0.88 26.2 +/− 0.61
GDNF Weight 20.0 +/− 1.00 19.3 +/− 1.20

Glucose 23.6 +/− 0.94 26.8 +/− 0.39
Nondiabetic

CSF Weight 22.5 +/− 0.65 24.5 +/− 0.50
Glucose 8.2 +/− 0.16 8.5 +/− 0.70

NGF Weight 22.8 +/− 0.48 23.8 +/− 0.48
Glucose 8.5 +/− 0.57 6.5 +/− 1.29

GDNF Weight 21.5 +/− 0.65 24.3 +/− 0.25
Glucose 8.1 +/− 0.48 6.7 +/− 1.35
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