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Diabetic neuropathic pain imposes a huge burden on individuals and society, and represents a major public health problem. Despite
aggressive efforts, diabetic neuropathic pain is generally refractory to available clinical treatments. A structure–function link between
maladaptive dendritic spine plasticity and pain has been demonstrated previously in CNS and PNS injury models of neuropathic pain.
Here, we reasoned that if dendritic spine remodeling contributes to diabetic neuropathic pain, then (1) the presence of malformed spines
should coincide with the development of pain, and (2) disrupting maladaptive spine structure should reduce chronic pain. To determine
whether dendritic spine remodeling contributes to neuropathic pain in streptozotocin (STZ)-induced diabetic rats, we analyzed dendritic
spine morphology and electrophysiological and behavioral signs of neuropathic pain. Our results show changes in dendritic spine shape,
distribution, and shape on wide-dynamic-range (WDR) neurons within lamina IV–V of the dorsal horn in diabetes. These diabetes-
induced changes were accompanied by WDR neuron hyperexcitability and decreased pain thresholds at 4 weeks. Treatment with
NSC23766 (N 6-[2-[[4-(diethylamino)-1-methylbutyl]amino]-6-methyl-4-pyrimidinyl]-2-methyl-4,6-quinolinediamine trihydrochlo-
ride), a Rac1-specific inhibitor known to interfere with spine plasticity, decreased the presence of malformed spines in diabetes, attenu-
ated neuronal hyperresponsiveness to peripheral stimuli, reduced spontaneous firing activity from WDR neurons, and improved
nociceptive mechanical pain thresholds. At 1 week after STZ injection, animals with hyperglycemia with no evidence of pain had few or no
changes in spine morphology. These results demonstrate that diabetes-induced maladaptive dendritic spine remodeling has a mecha-
nistic role in neuropathic pain. Molecular pathways that control spine morphogenesis and plasticity may be promising future targets for
treatment.

Introduction
Diabetic neuropathic pain affects �50% of people with diabetes.
In many patients, the neuropathic pain that accompanies diabe-
tes is severe and, in some cases, detracts substantially from quality
of life. Unfortunately, despite aggressive efforts, diabetic neuro-
pathic pain is largely refractory to available clinical treatments
(Setacci et al., 2009). Because of its global impact and burden on
individuals and society, diabetic neuropathic pain is a major pub-
lic health problem.

Mechanisms that have been suggested to contribute to di-
abetic neuropathic pain include chronic nerve damage (i.e.,
peripheral neuropathy) due to secondary vascular disease
(Beisswenger, 1976; Bays and Pfeifer, 1988), microglial inflam-
mation in the CNS (Tsuda et al., 2008; Pabreja et al., 2011), dys-

regulation of potassium– chloride cotransporter 2 (KCC2)
activity (Morgado et al., 2011), and altered growth factor and
sodium channel expression in DRG neurons (Craner et al.,
2002a,b). Only a few studies have investigated the possibility of
morphological alterations of postsynaptic structures within
second-order sensory neurons in diabetes as an underlying
mechanism for diabetic neuropathic pain (Yamano et al., 1986;
Malone et al., 2008). Our previous work has shown that struc-
tural alterations of synaptic spines within dorsal horn neurons
can have adverse functional implications (Tan et al., 2009a),
which may contribute neuropathic pain in spinal cord injury
(SCI) and peripheral nerve injury (Tan et al., 2008, 2011).

Here, we hypothesize that dendritic spine remodeling con-
tributes to neuropathic pain in diabetic animals. We reasoned
that if dendritic spine remodeling contributes to diabetic neuro-
pathic pain, then the presence of malformed spines should coin-
cide with pain, and disrupting maladaptive spine structure
should reduce chronic pain. We report here that, at 4 weeks after
diabetes induction by streptozotocin (STZ) injection, targeted
inhibition of Rac1, a GTPase that is known to be important in
dendritic spine plasticity, reduces diabetes-induced changes in
morphology of dendritic spines in the dorsal horn, decreases neu-
ronal excitability and attenuates spontaneous background firing
activity from WDR neurons, and improves nociceptive mechan-
ical pain thresholds. In hyperglycemic animals with diabetes be-
fore the development of neuropathic pain (i.e., 1 week after STZ
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injection), spine morphologies appeared normal. These results
suggest that dendritic spine remodeling of dorsal horn nocicep-
tive neurons contributes to diabetic neuropathic pain.

Materials and Methods
Animals/STZ-induced diabetes. Experiments were performed in accor-
dance with the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. All animal protocols were approved by the
Yale University Institutional Animal Use Committee. Adult male
Sprague Dawley rats (225–300 g; Harlan) were divided into two treat-
ment arms (see study design in Fig. 1): the first group was injected with
STZ (50 mg/kg body weight, i.p.; Sigma-Aldrich), a pancreatic beta cell
toxin that produces type I diabetes (n � 48) (Morrow, 2004). Sham
animals were injected with equal volumes of saline vehicle (n � 20).
Glucose levels were measured from blood samples drawn from the ven-
tral tail vein 4 d after STZ injection and immediately at the end of the
experiment (OneTouch Ultra glucose monitoring system; LifeScan). Di-
abetes mellitus was defined as hyperglycemia with blood glucose of �250
mg/dl (Craner et al., 2002b). STZ-injected animals were removed from
the study if they did not display hyperglycemia 4 d after injection. In our
previous experience (Fischer et al., 2009), diabetic animals tended to lose
body weight over the course of 4 weeks. All animals were housed under a
12 h light/dark cycle in a pathogen-free area with water and food pro-
vided ad libitum. To maintain body mass in diabetic animals, supple-
mental liquid food was provided at a level (Ensure; 150 ml daily; Abbott
Laboratories) that permitted ad libitum feeding. Because we were inter-
ested in studying the relationship between diabetic neuropathic pain and
dendritic spine remodeling, we performed two interrelated investiga-
tions: (1) in the loss-of-function experiments, at 4 weeks after STZ injec-
tion (Fig. 1), we studied STZ-induced diabetic animals that exhibited
significant tactile neuropathic allodynia in our analyses (see below).
Thus, for the 4 week endpoint, 34 of 38 animals reached the pretreatment
threshold for allodynia and were studied pretreatment and posttreat-
ment, and 4 of 38 animals that failed to reach the threshold for tactile
allodynia were excluded. Based on our previous studies (Craner et al.,
2002b; Fischer et al., 2009), an exclusion rate of 10 –15% was expected for
the 4 week endpoint. (2) To assess dendritic spine structure in diabetic

animals with hyperglycemia without neuropathic pain, we assessed a
cohort of STZ-injected animals before the development of significant
pain (Fischer et al., 2009) at 1 week after STZ injection (Fig. 1). All
animals underwent blood glucose and behavioral testing, and sub-
populations of animals from each treatment group were randomly
assigned to undergo histological analysis or terminal electrophysio-
logical assessment.

Behavioral assays. A blinded experimenter performed behavioral ex-
periments in a dedicated quiet room under invariant conditions. Baseline
behavioral testing was performed before STZ or vehicle injections, and
also at four time points: 1, 2, 3, and 4 weeks (Fig. 1). After acclimation to
the testing area (60 min), mechanical sensory thresholds were deter-
mined by paw withdrawal away from a series of von Frey filaments
(Stoelting) applied to the glabrous surface of the right hindpaw. To de-
termine the applied force value, we used a modification of the Dixon
“up-down” method, which interprets paw withdrawal occurring 50% of
the time as mechanical nociceptive threshold (Dixon, 1980; Chaplan et
al., 1994). Heat nociceptive thresholds were assessed by measuring the
latency of paw withdrawal in response to a radiant heat source (Dirig et
al., 1997). Rats were placed in a Plexiglas box situated on an elevated glass
plate. The glass plate directly under the glabrous surface of the paw was
heated by a radiant heat source (4.7 A). Upon paw withdrawal, a photo-
cell automatically turned off the heat source and measured withdrawal
latency. If no response was detected, the heat source was automatically
shut off at 20.5 s to prevent tissue damage. Three trials were performed
and averaged for each animal. Five minutes of rest was allowed between
trials.

Intrathecal catheterization and drug delivery. All animals included in
the final analysis received catheter implants. Animals were deeply anes-
thetized with ketamine/xylazine anesthesia. A small slit was made in the
atlanto-occipital membrane, between the base of the skull and spinal
vertebra C1 and a 32 gauge catheter was threaded caudally to the lumbar
enlargement and secured by suturing. To prevent CSF leakage and infec-
tion, the rostral opening was heat sealed by pinching the exposed tip with
a sufficiently heated forcep (Tan et al., 2008). The catheter tip location
was confirmed within the intrathecal space after the animals were killed.
For the week 1 animal cohort (STZ week 1; Fig. 1), drug vehicle (0.9%

Figure 1. Study design. In week 1, weight-matched rats were randomly assigned to Sham (i.e., saline) or STZ treatment groups. To validate STZ induction of diabetes, blood glucose testing was
performed 4 d after STZ injection, and just before experimental endpoints. A subpopulation of STZ-injected rats received NSC23766 (a Rac1 inhibitor) or vehicle via intrathecal catheter and were
analyzed at 1 week after STZ induction of diabetes (dashed arrow). Another subpopulation of STZ-injected animals and Sham animals received intrathecal NSC23766 in week 3. All animals were
tested for behavior at baseline, before STZ or vehicle injection, and at four time points: 1, 2, 3, and 4 weeks. All animals underwent glucose and behavioral testing, and subpopulations of animals from
each treatment groups were randomly assigned to undergo histological analysis or terminal electrophysiological assessment.

6796 • J. Neurosci., May 16, 2012 • 32(20):6795– 6807 Tan et al. • Dendritic Spines in Diabetic Neuropathic Pain



sterile saline; n � 10) was infused through the catheter for 3 d (5 �l
volume; twice daily) by injection with a Hamilton syringe using a 32 gauge
needle (Hamilton Co.). For the remaining animal population of week 3,
Sham or STZ-injected animals, drug vehicle (0.9% saline; n � 16) or N6-[2-
[[4-(diethylamino)-1-methylbutyl]amino]-6-methyl-4-pyrimidinyl]-2-
methyl-4,6-quinolinediamine trihydrochloride (NSC23766) (1 mg/ml;
n � 28), a Rac1 GTPase-specific inhibitor (EMD Chemicals) (Gao et al.,
2004), were infused (5 �l volume; twice daily), beginning 3 d after catheter
implantation (days 23–24), through the catheter by Hamilton syringe injec-
tion, followed by sterile saline flush (10 �l) for 3 d. By the end of the exper-
iment, this produced five treatment groups (Fig. 1): STZ (week 1), Sham,
Sham plus NSC23766, STZ, and STZ plus NSC23766.

Histology. Rats were killed without fixation by decapitation for Golgi-
Cox staining using a FD Rapid GolgiStain Kit (FD NeuroTechnologies)
[STZ (week 1), n � 5; Sham, n � 4; Sham plus NSC, n � 4; STZ plus Veh,
n � 5; STZ plus NSC, n � 5], as described previously (Tan et al., 2008).
Briefly, unfixed spinal cord tissue (between spinal segments L3 and L6)
was rapidly removed (�5 min), washed in distilled water, and immersed
in the impregnation solutions according to manufacturer’s instructions.
The 200-�m-thick sections were cut on a vibratome (DTK-1000 micro-
slicer; Ted Pella) and mounted on gelatinized glass slides. Sections were
stained, rinsed in distilled water, dehydrated, cleared, and coverslipped
with Permount medium.

Electrophysiology. All animal groups underwent terminal electrophys-
iological experiments. Extracellular single-unit recording methods and
identification of WDR neurons have been described previously (Tan et
al., 2008, 2009b). Animals were anesthetized with sodium pentobarbital
(40 mg/kg, i.p.), and a laminectomy was performed to expose the lumbar
spinal enlargement. The overlying dura was carefully excised and warm
mineral oil was applied over the recording area. Core body temperature
was monitored with a rectal thermometer and maintained (34 � 2°C)
using a circulating water heat pad. Recordings were obtained with a
low-impedance 5 m� tungsten insulated microelectrode (A-M Systems)
that was positioned near the L4/L5 dorsal root insertion zone. Electrical
signals were amplified and filtered at 300 –3000 Hz, processed by a data
collection system (CED 1401�; Cambridge Instruments). Stored record-
ings were analyzed off-line with Spike2 software (version 5.09; Cam-
bridge Electronic Design). WDR neurons were first identified by their
general response to a range of low- and high-threshold peripherally
evoked stimuli (i.e., light brushing with a cotton swab and pinching with
sharp forceps) applied to their cutaneous receptive fields. Following
WDR neuron identification, we determined the presence or absence of
spontaneous background activity (defined as firing activity in the ab-
sence of any peripheral stimulation). We mapped the cutaneous recep-
tive field surface area of each neuron on an outline of the dorsal surface of
the rat hindquarters (shown in Fig. 6) by lightly brushing, pinching, and
probing with von Frey filaments (Fischer et al., 2009; Chang et al., 2010).
The areas of each receptive field were measured using NIH ImageJ (soft-
ware download at http://rsbweb.nih.gov/ij/). An arbitrary standard unit
for area was assigned and used for quantitative comparison between
treatment groups (Chang et al., 2010). The following stimuli were then
applied: (1) phasic brush (PB) stimulation of the skin with a cotton
applicator, (2) compressive pressure (144 g/mm 2), (3) compressive
pinch (583 g/mm 2), and (4) calibrated von Frey filaments of increasing
force (0.04, 0.16, 0.4, 0.6, 1.0, 4.0, 6.0, 15.0, 26.0 g). These stimulus
modalities are reflective of human nociceptive testing (Baumgärtner et
al., 2002; Pitcher and Henry, 2004). We confirmed that responses were
maximal by stimulating the primary receptive field of each unit and
ensured that isolated units remained stable during recording by using
software wave template matching routines. The activities of 4 – 6 WDR
units/animal were recorded from the lumbar enlargement (�1000 �m
deep), which yielded 17–27 units/treatment group.

Dendritic spine/reconstruction analysis. Golgi-stained coronal spinal
cord tissue sections were examined under transmitted light microscopy
(Nikon Eclipse 80i). Images shown in Figure 2 were captured with a
Nikon Eclipse E800 microscope with a HQ Coolsnap camera (Roper
Scientific). To identify whole cells in dorsal horns, we used five inclusion
criteria that allowed us to sample cells with morphologies similar to those
observed for WDR neurons (Woolf and King, 1987; Tan et al., 2008): (1)

neurons were located within Rexed lamina 4 and 5; (2) Golgi-stained
neurons must have had dendrites and spines that were completely im-
pregnated, appearing as a continuous length; (3) at least one dendrite
extended into an adjacent lamina relative to the origin of the cell body;
(4) at least one-half of the primary dendritic branches remained within
the thickness of the tissue section, such that their endings were not cut
and instead appeared to taper into an ending; and (5) the cell body
diameter fell between 20 and 50 �m (see example shown in Fig. 2). To
determine whether there were any significant morphological differences
between neurons, cell diameter, total dendritic length, number of pri-
mary dendrites, length of primary dendrites, and the percentage of pri-
mary dendrites with secondary dendritic branches were measured and
compared across animals and treatment groups post hoc. Together, these
measures control for the morphological diversity of spinal cord dorsal
horn neurons. We identified a total of 116 neurons [STZ (week 1), 20;
Sham, 20; Sham plus NSC, 21; STZ plus Veh, 23; STZ plus NSC, 31] for
inclusion in our analysis.

To identify dendritic spines, we used specific morphological charac-
teristics as reported previously (Kim et al., 2006; Tan et al., 2008). We
considered a protrusion without a visible neck structure (from the main
dendrite shaft) a spine only if there was a visible indentation on either
side of the junction of the protrusion from the dendrite branch. A spine
neck was defined as the structure between the base of the spine, the
interface between the parent dendrite branch, and the base of the spine
head where the appearance of the spine began to swell distally. Spine head
structure varied greatly, but we defined these as the visible bulb-like
structures located at the ends of protrusions (Tan et al., 2008). Thin- and
mushroom-shaped spines were classified as follows: thin spines have
head diameters that are less than or equal to the length of the spine neck.
Mushroom spines have head diameters that are greater than the length of
the neck. There are three rationales for using these geometric categories
for spines: first, two spine shapes allowed us to use simple but strict rules
in classifying spine morphology; second, this approach, by precluding
discrimination of subtle variations in spine shape, allows collection of a
large sample size; third, there is a large body of literature describing the
different physiological characteristics associated with the morphologies
of thin- and mushroom-shaped spines (Calabrese et al., 2006).

To reconstruct WDR neurons, we used Neurolucida software (version
9.0; MicroBrightField). We analyzed the complete three-dimensional re-
constructions of dorsal horn neurons for spine density and distribution.
Two Neurolucida traces were made for each neuron. (1) An outline trace
of the spinal cord section upon which the location of identified WDR
neurons was marked. (2) A three-dimensional reconstruction of each
WDR cell, which was created by tracing through the x-, y-, and z-axes.
Dendritic spine type (thin spines, blue; mushroom spines, red) and lo-
cation were marked on these three-dimensional reconstructions. Den-
dritic spine density was expressed as spine number per 10 �m dendritic
length. To determine spatial distribution of spines (relative to the cell
body), we used modified Sholl’s analysis using Neurolucida software.
Seven 50-�m-wide spherical bins were formed around the cell body, and
spine density within each bin was averaged for each treatment group.
Mean data were compared against equivalent bins across treatment
groups.

Statistical analysis. All statistical tests were performed at the �-level of
significance of 0.05 by two-tailed analyses using parametric or nonpara-
metric tests, if appropriate. We used repeated-measures ANOVA and
Kruskal–Wallis one-way ANOVA on ranks, followed by Bonferonni’s
post hoc analysis. Data management and statistical analyses were per-
formed using SigmaStat (version 3.0.1a; Aspire Software International)
and Microsoft Office Excel (2011). Data in the text are described as
mean � SD. All graphs were plotted as mean � SEM using SigmaPlot
(version 8.02a).

Results
Tactile allodynia develops rapidly following induction
of diabetes
The injection of STZ is a well established procedure for produc-
ing type I diabetes mellitus in adult rats (Morrow, 2004). Four
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days after administration of STZ, injected animals had a signifi-
cant increase in blood glucose levels compared with vehicle-
injected controls (p � 0.0001; group mean for STZ: 460 � 155.3
vs 105.6 � 22.5 mg/dl) (Table 1). Blood glucose remained at
elevated levels for the duration of the experiment compared with
controls (at 4 weeks after STZ injection: p � 0.0001; group mean
for STZ: 504.2 � 167.7 vs 106.6 � 12.0 mg/dl). To maintain the
health of all experimental animals, supplementary food was pro-
vided ad libitum. Although there were fluctuations in body
weight over the course of the experiment, we found no significant
differences in body weights when compared across treatment
group or at any time point measured,
weeks 1 and 4 shown in Table 1. By the
fourth week, the weight of STZ (294.2 �
26.8 g) and STZ plus NSC23766-treated
animals (304 � 48.5 g) was similar to non-
diabetic animals: Sham (293.8 � 13.3 g)
or Sham plus NSC23766 (289.2 � 13.3 g).
As we expected from our previous study
(Fischer et al., 2009), not all STZ-injected
animals develop neuropathic pain by the
week 4 endpoint. Because we were inter-
ested in studying the relationship between
diabetic neuropathic pain and dendritic
spine remodeling, we only included STZ-
induced diabetic animals that exhibited
significant tactile neuropathic allodynia
in our analyses for the week 4 endpoint
(see below). We used the criterion for tac-
tile allodynia as an observed withdrawal
threshold of �4.0 g at any point during
behavioral testing (for von Frey tests; see
Materials and Methods). Thirty-four of
38 animals met this criterion and were in-
cluded in this analysis. A proportion of
10 –15% animals that failed to reach the
4.0 g threshold for tactile allodynia was
expected based on earlier data (Craner et
al., 2002b; Fischer et al., 2009).

Dendritic spines remodel on dorsal
horn neurons in experimental diabetes
Dendritic spine remodeling in the dorsal
horn has been observed following SCI and
peripheral nerve injury (Kim et al., 2006;
Tan et al., 2008, 2011). In particular, we
have shown that maladaptive dendritic
spine plasticity occurs on WDR neurons,
which can contribute to adversely altered
sensory processing associated with chronic
pain (Tan et al., 2008, 2009a). Neuropathic pain develops progres-
sively over time in diabetic animal models and chronic diabetes in
humans (Malcangio and Tomlinson, 1998; Marchettini et al., 2004;
Singleton and Smith, 2007; Fischer et al., 2009). To determine
whether diabetic neuropathic pain associated with changes in den-
dritic spine morphology, we first analyzed dendritic spines from
spinal cord tissue collected 4 weeks after STZ or control injection
(Fig. 2A,B). Wide-dynamic-range neurons (WDR) were identified
in Golgi-stained coronal sections of spinal cord at lumbar segments
L3–L5 on the basis of five criteria (see Materials and Methods). All
WDR neurons were located in the intermediate zone of the dorsal
horn (lamina IV–V, �400–1200 �m deep) (Fig. 2A). To control for
possible variation in cell morphologies, we compared the dimen-

sions of sample cells for the following: cell body diameter, total den-
drite length, number of primary dendrites (dendrites projecting
directly from the cell body), length of primary dendrites, and the
percentage of primary dendrites with secondary branches (Table 2).
These morphological parameters were not significantly different
when compared across treatment groups (for all comparisons,
p � 0.20). Thus, any changes we observed in dendritic spine
morphologies were not due to differences in neuronal sampling.
A representative neuron located in lamina 5 is shown in Figure 2,
A and B. We categorized all observed spines into two categories:
thin- and mushroom-shaped (see Materials and Methods).

To quantify the effects of STZ-induced diabetes on spine
length and spine head diameter at the 4 week endpoint, we ana-

Figure 2. Golgi-stained coronal sections of spinal cord tissue reveal dendritic spine remodeling on dorsal horn neurons. A, A
representative image of the dorsal horn with a WDR neuron located in lamina 5. B, A high-power field of the neuron shown in A
(inset). C, D, A blinded observer analyzed dendritic spines from 10 –13 randomly sampled neurons from each treatment arm for
spine length (C) and spine head diameter (D). Dendritic spines in the STZ arm displayed longer spine lengths compared with Sham.
NSC23766 treatment decreased spine length in STZ-induced diabetes (one-way ANOVA with Bonferonni’s post hoc test, **p �
0.001). D, STZ-induced diabetes significantly increased spine head diameters by �50% compared with Sham. Administration of
NSC23766 decreased spine head diameter compared with STZ animals (one-way ANOVA with Bonferonni’s post hoc test, **p �
0.001). Treatment with NSC23766 in nondiabetic Sham animals (C, D, white bars; Sham plus NSC) decreased spine length (one-way
ANOVA with Bonferonni’s post hoc test, *p � 0.05) but had no effect on spine head diameter. By week 4, after saline or STZ
injection, qualitative assessment of high magnification images (E–G) demonstrates differences in dendritic spine morphological
profiles between the treatment arms with the presence of more mushroom-shaped spines in the STZ group (F�) compared with
Sham (E�) or STZ plus NSC (G�). Treatment with NSC23766 appeared to restore thin-shaped spine structures (G�) with similar
profiles comparable with Sham. Scale bars: A, 500 �m; B, 100 �m; E–G, 10 �m; E�, F�, G�, 1 �m. Graphs are mean � SEM.

Table 1. Weight and glucose levels of rats

Sham Sham � NSC STZ (week 1) STZ STZ � NSC

Week 1
Weight (g) 283.8 � 43.9 303.6 � 19.2 287.2 � 14.0 311.9 � 42.1 301.4 � 27.8
Glucose level

(mg/dl)
105.6 � 22.5 105.2 � 10.3 537.4 � 39.8 534.3 � 53.8 531 � 65.4

Week 4
Weight (g) 293.8 � 13.3 289.2 � 17.0 N/A 294.2 � 26.8 304.8 � 48.5
Glucose level

(mg/dl)
106.6 � 12.0 89.6 � 11.1 N/A 547 � 77.9 580 � 29.8

Data are shown as mean � SD.
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lyzed 2518 –2870 spines from each treatment arm (from ran-
domly selected 10 –13 WDR neurons per arm; Fig. 1) and a
blinded observer measured spine dimensions from each neuron.
For statistical comparison, we first pooled spine data within each
animal, and then averaged individual animal data within treat-
ment groups. Final comparisons were performed across treat-
ment groups. As shown in Figure 2C, gray bars, spines in the STZ
animal group (n � 2870 spines) had significantly longer spine
lengths compared with spines in the Sham group (n � 2518
spines) (p � 0.001; 1.55 � 0.06 �m vs 1.22 � 0.02 �m). Treat-
ment with NSC23766 (STZ plus NSC) reduced spine lengths (n �
2430 spines) compared with the STZ group (p � 0.001; 1.19 �
0.16 vs 1.55 � 0.06 �m). There was no difference between STZ
plus NSC and Sham treatment groups (p � 0.05). To determine
whether diabetes changes spine head morphology at the week 4
endpoint, we also measured spine head diameter (Fig. 2D). Dor-
sal horn neurons in the STZ group had spines with larger spine
head diameters compared with neurons in the Sham group (p �
0.001; 2.09 � 0.67 vs 0.88 � 0.008 �m). NSC23766 treatment in

STZ animals (STZ plus NSC) reduced spine head diameter com-
pared with STZ animals without drug treatment (p � 0.001;
1.00 � 0.19 vs 2.09 � 0.67 �m). STZ animals treated with
NSC23766 had similar spine head diameters with Sham (p �
1.0). These results demonstrate that dendritic spine length and
head diameter increase in diabetic neuropathy, but these
structural changes can be reversed to close-to-normal by Rac1
inhibition.

As a control for the Rac1 inhibitor, NSC23766, in nondiabetic
animals, we treated a population of Sham animals with

NSC23766. NSC23766 treatment in Sham
animals (Sham plus NSC; n � 2053
spines) reduced spine length compared
with untreated Sham animals (p � 0.05;
0.96 � 0.11 vs 1.22 � 0.02 �m) (Fig. 2C).
NSC23766 treatment of nondiabetic Sham
animals did not affect spine head diam-
eter ( p � 1.0) (Fig. 2 D). This suggests
that NSC23766 has the potential to ef-
fect spine morphology, regardless of any
changes caused by diabetes. This, how-
ever, is not surprising since studies by
others (Tashiro and Yuste, 2004; Choi et
al., 2005) have shown that Rac GTPase is
involved in spine plasticity and given
that we have also shown that NSC23766
can affect dendritic spines in vitro (Tan
and Waxman, 2011; Tan et al., 2011).

Dendritic spine density increases with
STZ-induced diabetic neuropathic pain
We observed qualitative differences in the
density and morphology of dendritic
spines on Golgi-stained WDR neurons
(Fig. 2E–G). To obtain an accurate count
of dendritic spines from spinal cord tis-
sue, we used Neurolucida software to re-
construct identified WDR neurons (see
Materials and Methods) (Fig. 3). To indi-
cate the location of sampled WDR neu-
rons, we first mapped the contour outline
of each spinal cord section and the gray
matter borders (see representative traces
from three week 4 groups; Fig. 3A–C).

WDR neurons were marked on each of these maps. On traced
neurons (Fig. 3A�,B�,C�), visible spines were color-coded as thin
(blue dot) or mushroom-shaped (red dot) (Fig. 3A	,B	,C	). We
measured the total number of spines on each neuron and calcu-
lated spine density as the number of spines per 10 �m dendrite
lengths. Dendritic spine densities from neurons within each
treatment group were pooled and compared across groups. As
shown in Figure 4A, 4 weeks after STZ-induced diabetes, total
spine density was similar compared with Sham (p � 0.07; 3.52 �
0.81 vs 2.83 � 0.86 spines/10 �m dendrite). Treatment of dia-
betic animals with NSC23766, however, significantly decreased
total spine densities compared with both STZ (p � 0.05; 1.97 �
0.73 vs 3.52 � 0.81 spines/10 �m dendrite) and Sham (p � 0.05;
1.97 � 0.73 vs 2.83 � 0.86 spines/10 �m dendrite). Similarly,
thin-shaped spine density did not change in diabetic animals
compared with Sham (p � 0.56; Sham, 2.63 � 0.83, vs STZ plus
Veh, 2.80 � 0.98 spines/10 �m dendrite) (Fig. 4B). Treatment of
diabetic animals with NSC23766 did decrease thin-shaped spine
density below that of Sham (p � 0.05; 1.93 � 0.74 vs 2.63 � 0.83

Figure 3. Three-dimensional Neurolucida reconstructions of representative dorsal horn neurons. Digital reconstructions (A–C)
show the locations of sampled neurons (black dot and arrow), with the complete three-dimensional distribution and density of
thin- and mushroom-shaped spines on neurons from Sham (A�), STZ (B�), and STZ plus NSC (C�). A�50 �m length of the dendritic
branch (gray shade) from neurons is shown in A�, B�, and C�. These branches reveal the presence of mushroom spines (red dots)
and thin spines (blue dots). Branches from STZ (B�) displayed more spines, particularly mushroom spines compared with Sham
(A�) or STZ plus NSC (C�). Scale bars: A–C, 500 �m; A�, B�, C�, 50 �m; A�, B�, C�, 10 �m.

Table 2. Cell body dimensions and dendritic branch morphology comparison

Maximum
cell diameter
(�m)

Total dendrite
length (�m)

No. of
primary
dendrites

Length of
primary
dendrite (�m)

Primary dendrites
with secondary
branches (%)

Sham 33.2 � 7.6 1025.8 � 436.0 3.6 � 1.1 97.3 � 50.7 53.5 � 27.4
Sham � NSC 35.1 � 8.4 1117.1 � 567.8 3.9 � 0.7 82.8 � 43.5 53.4 � 24.8
STZ (week 1) 36.7 � 7.9 1162.8 � 533.8 3.6 � 0.7 105.8 � 84.6 58.6 � 26.6
STZ (week 4) 36.1 � 11.4 985.2 � 387.5 3.6 � 0.9 90.3 � 50.9 54.6 � 30.6
STZ � NSC 34.4 � 7.1 1190.4 � 465.4 3.7 �0.8 120.4 � 118.2 50.2 � 28.2

Data are shown as mean � SD.
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spines/10 �m dendrite) and STZ animals
(p � 0.05; 1.93 � 0.74 vs 2.80 � 0.98
spines/10 �m dendrite). In contrast, we
observed a qualitatively dramatic increase
in the number of mushroom spines in di-
abetic animals compared with neurons in
either Sham or STZ plus NSC animals
(Fig. 2D). Quantification demonstrated a
nearly threefold increase in mushroom
spine density in diabetic animals com-
pared with Sham (p � 0.01; 0.63 � 0.23 vs
0.21 � 0.13 spines/10 �m dendrite) (Fig.
4C). Importantly, inhibiting Rac1 with
NSC23766 treatment in diabetic animals
significantly reduced mushroom spine
density (p � 0.01; 0.08 � 0.05 vs 0.63 �
0.23 spines/10 �m dendrite). NSC23766
treatment also reduced mushroom spine
density below Sham (p � 0.05; 0.08 �
0.05 vs 0.21 � 0.13 spines/10 �m den-
drite). Sham animals (i.e., no diabetes)
treated with NSC23766 (Fig. 4A–C, white
bars) did not differ significantly com-
pared with untreated Sham animals in any
spine density category (p � 0.06 –1.0).

Dendritic spines redistribute in animals
with diabetic neuropathic pain
The location of spines relative to the cell
body has physiological implications for a
neuron. Excitatory inputs that synapse
closer to the cell body have a greater
weighted contribution to the cumulative
output of a neuron compared with those
forming synapses farther away (Pongrácz,
1985; Yuste and Urban, 2004; Tan et al.,
2009a). To examine whether STZ-induced
diabetes results in a spatial redistribution of
spines along dendritic branches, we used
modified Sholl’s analysis (Tan et al., 2008).
In STZ-induced diabetic animals, spine
densities increased on dendritic branches
located at 250 �m from the cell body com-
pared with Sham animals (p � 0.01) (Fig.
4D). Thin-shaped spine distribution did not significantly change in
STZ animals compared with Sham (p � 0.05) (Fig. 4E). NSC23766
treatment in STZ animals decreased thin-shaped spine densities at
multiple regions compared with untreated STZ animals: at 50, 100,
300, and 350 �m compared with STZ (p � 0.05). In STZ-induced
diabetic animals, mushroom-shaped spines increased in regions
proximal to the soma at three regions between 50 and 150 �m from
the cell body compared with Sham (p � 0.05). (Fig. 4F). In five
proximal regions, NSC23766 treatment significantly reduced
mushroom-shaped spine densities in STZ diabetic animals (p �
0.05). NSC23766 treatment in Sham animals (Fig. 4D–F, dashed
gray line) did not significantly affect spine densities across any region
analyzed (p � 0.05) compared with untreated Sham animals.

Dendritic spine remodeling is accompanied by
electrophysiological signs of neuropathic pain in diabetes
To test the response of WDR neurons in animals with diabetic
neuropathic pain, we sampled single units from dorsal horn lam-
ina IV–V. We assessed three physiological signs attributed to

chronic neuropathic pain: (1) the presence of spontaneous activ-
ity (defined as firing activity in the absence of any peripheral
stimulation), (2) hyperresponsiveness to peripheral stimuli, and
(3) expansion of cutaneous receptive fields. We identified WDR
neurons by their responsiveness to both low- and high-threshold
peripheral stimuli applied to their cutaneous receptive fields
(Gjerstad et al., 2001; Hains and Waxman, 2006). Of the WDR
neurons sampled from animals at the week 4 endpoint, 2 of 17
(11.7%) neurons in Sham animals exhibited spontaneous activ-
ity, whereas in diabetic animals there was a greater proportion of
sampled neurons with spontaneous activity, 12 of 27 (44%). Dis-
ruption of dendritic spines by inhibiting Rac1 with NSC23766
decreased the proportion of sampled WDR neurons, to 4 of 25
(16%) sampled units, with spontaneous activity. Sham animals
treated with NSC23766 displayed a similar fraction of sampled
neurons, 2 of 17 (11.7%), with spontaneous activity compared
with untreated Sham animals.

Compared with Sham, STZ animals had significantly in-
creased peripherally evoked unit activity to PB, press (144

Figure 4. Quantitative analysis of dendritic spine density and spatial distribution. Analyses of reconstructed neurons reveal
differences in spine density (top row panels) and distribution (bottom row panels). A, B, Total spine density, which includes all
spine shapes (A), and thin spine density (B) did not change in diabetic animals compared with Sham (one-way ANOVA with
Bonferonni’s post hoc, p � 0.05). C, Mushroom spine density, however, increased by more than threefold in STZ-induced diabetic
animals compared with Sham (one-way ANOVA on ranks with Dunn’s method, *p � 0.05). Treatment with NSC23766 significantly
reduced spine density for total, thin-shaped, and mushroom-shaped spines compared with STZ (one-way ANOVA with Bonferon-
ni’s post hoc or one-way ANOVA on ranks with Dunn’s method, *p � 0.05). Dendritic spine distribution for total (D), thin (E), and
mushroom (F ) spines demonstrate significant changes in STZ diabetic animals. Total (D) spine distribution assessment shows
significant redistribution in STZ diabetic animals compared with Sham (one-way ANOVA on ranks with Dunn’s method, *p � 0.01;
at 250 �m: 2.37 � 0.93 vs 3.89 � 1.78 spines/10 �m dendrite). Similarly, for mushroom spines (F ), significantly more spines
were located more proximal to the soma in the STZ group compared with Sham (one-way ANOVA on ranks with Dunn’s method,
*p � 0.05; at 50 �m: 0.20 � 0.22 vs 0.86 � 1.07 spines/10 �m dendrite; at 100 �m: 0.15 � 0.12 vs 0.86 � 0.82 spines/10 �m
dendrite; at 150 �m: 0.18 � 0.17 vs 0.71 � 0.71 spines/10 �m dendrite). NSC23766 treatment of STZ animals resulted in
decreased thin spine (E) densities at multiple regions compared with untreated STZ animals (one-way ANOVA on ranks with Dunn’s
method, #p � 0.05; at 50 �m: 1.26 � 0.82 vs 2.35 � 1.34 spines/10 �m dendrite; at 100 �m: 1.93 � 0.91 vs 2.77 � 1.11
spines/10 �m dendrite; at 300 �m: 1.96 � 0.91 vs 3.32 � 1.41 spines/10 �m dendrite; at 350 �m: 1.60 � 1.0 vs 3.27 � 1.17
spines/10 �m dendrite). NSC23766 treatment in STZ animals restored mushroom spine (F ) distribution back to Sham levels by
decreasing dendritic spine densities compared with untreated STZ animals (one-way ANOVA on ranks with Dunn’s method, #p �
0.05; at 50 �m: 0.08 � 0.13 vs 0.86 � 1.07 spines/10 �m dendrite; at 100 �m: 0.09 � 0.08 vs 0.86 � 0.82 spines/10 �m
dendrite; at 150 �m: 0.08 � 0.10 vs 0.71 � 0.71 spines/10 �m dendrite; at 200 �m: 0.10 � 0.10 vs 0.77 � 0.85 spines/10 �m
dendrite; at 250: 0.10 � 0.11 vs 0.72 � 0.78 spines/10 �m dendrite). Treatment with NSC23766 in nondiabetic Sham animals
(A–C, white bars; D–F, dashed line) had no significant effect compared with untreated Sham. For spine density graphs, the open
circles show individual animal means (for Sham plus NSC, n � 21; Sham, n � 20; STZ, n � 23; STZ plus NSC, n � 31). Distribution
graphs are mean � SEM.
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g/mm 2), and pinch (538 g/mm 2) stimuli, indicative of dynamic
mechanical allodynia (p � 0.01) (Fig. 5A). Similarly, compared
with Sham, STZ animals had significantly increased evoked
single-unit activity in response to increasing von Frey filament
intensities (gradient from 0.04 to 26 g) applied to hindlimb re-
ceptive fields, demonstrating punctate hyperalgesia (p � 0.01)
(Fig. 5B). Inhibiting Rac1 activity with NSC23766 treatment in
diabetic animals significantly decreased mechanical allodynia for
all tactile modalities tested: phasic brush, press, pinch, and von
Frey filament tests (p � 0.01). NSC23766 treatment in Sham
animals had no significant effect on evoked firing response of
single units in any stimulus modality tested compared with un-
treated Sham animals. We observed no significant differences for
peripherally evoked spiking rates between Sham and STZ plus
NSC animal groups, suggesting that NSC23766 treatment re-

stored close-to-normal WDR neuron
excitability. Figure 5C shows a representa-
tive peristimulus histogram of responses
(spikes/1 s bin) for WDR neurons in
Sham, STZ, and STZ plus NSC groups.

The receptive fields of dorsal horns
units expand in animal models of diabetic
neuropathic pain (Fischer et al., 2009). To
test whether there are changes in recep-
tive fields of WDR neurons (Fig. 6), we
mapped receptive fields in sampled neu-
rons by light brushing, pinching, and gen-
tle probing with von Frey filaments (see
Materials and Methods). As shown in rep-
resentative maps (Fig. 6B), at the week 4
endpoint, the receptive field areas in dia-
betic animals increased compared with
Sham animals, and NSC23766 treatment
decreased receptive field size. Quantifica-
tion demonstrated that neurons in dia-
betic animals had receptive fields that
were significantly larger, by more than
sixfold compared with Sham receptive
field areas (Fig. 6A) (p � 0.001; 0.82 �
0.62 vs 0.12 � 0.09 arbitrary unit area).
Treatment of diabetic animals with
NSC23766 significantly decreased the size
of receptive fields compared with un-
treated diabetic animals (p � 0.001;
0.27 � 0.16 vs 0.82 � 0.62 arbitrary unit
area). However, the receptive field areas
in NSC23766-treated diabetic animals
did not fully return to sham levels, and
still remained significantly larger ( p �
0.001; 0.27 � 0.16 vs 0.12 � 0.09 arbi-
trary unit area) than those in sham ani-
mals. NSC23766 treatment in nondiabetic
Sham animals did not change receptive field
size (Fig. 6A, white bar).

Neuropathic pain behavior
accompanies dendritic spine
remodeling in diabetes
For all animals, a blinded observer gath-
ered behavioral data for mechanical and
heat pain thresholds at the following:
baseline (before STZ or control injections;
see study design in Fig. 1) and each week

until the end of the experiment at 4 weeks. To demonstrate the
progression and establishment of neuropathic pain exhibited in
STZ-induced diabetic animals, behavioral data gathered within
three treatment arms (Fig. 1) in week 4 was pooled, and com-
pared two ways: (1) against baseline (data not graphed) and (2)
across the treatment arms (Fig. 7A). As expected from previous
work (Chen and Pan, 2002; Craner et al., 2002b; Fischer et al.,
2009), STZ-induced diabetes gradually decreased mechanical
pain thresholds over the 4 week period compared with baseline,
reaching significance by the second week after STZ injection
(week 2: p � 0.05; 10.2 � 5.95 vs 19.53 � 4.6 g; week 3: p � 0.01;
5.19 � 2.2 vs 19.53 � 4.6 g; week 4: p � 0.01; 6.89 � 5.6 vs
19.53 � 4.6 g). Compared with Sham controls, diabetic animals
also had decreased mechanical pain thresholds (week 2: p � 0.01;
21.8 � 2.8 vs 10.16 � 5.9 g; week 3: p � 0.01; 17.3 � 6.8 vs 5.19 �

Figure 5. Assessments for electrophysiological signs of diabetic neuropathic pain. All sampled WDR neurons responded to low-
and high-threshold stimuli. A, STZ-induced diabetes significantly increased spike-firing rate compared with Sham (one-way
ANOVA on ranks with Dunn’s method, *p � 0.01; for PB: 8.71 � 5.16 vs 33.1 � 15.50; for press: 12.7 � 9.23 vs 33.5 � 21.7; for
pinch: 14.4 � 9.9 vs 42.7 � 23.2). NSC23766 treatment significantly reduced the firing activity in STZ-induced diabetic animals
(one-way ANOVA on ranks with Dunn’s method, *p � 0.01; for PB: 9.8 � 6.27 vs 33.1 � 15.50; for press: 13.18 � 8.93 vs 33.5 �
21.7; for pinch: 16.7 � 10.6 vs 42.7 � 23.2). B, In all animals, stimulation with progressively more intense von Frey filaments
produced a directly corresponding increase in spike-firing rates. In STZ diabetic animals, however, there was a significantly greater
slope in spike-firing rates compared with Sham, demonstrating the presence of punctate mechanical allodynia (one-way ANOVA
on ranks with Dunn’s method, *p � 0.01; for 0.04 g: 2.04 � 2.35 vs 5.7 � 3.70 Hz; for 0.16 g: 3.18 � 2.35 vs 9.52 � 6.9 Hz; for
0.4 g: 4.29 � 2.71 vs 14.0 � 11.8 Hz; for 0.6 g: 4.73 � 2.70 vs 14.03 � 11.8 Hz; for 1.0 g: 5.1 � 3.37 vs 15.3 � 14.8 Hz; for 4.0 g:
6.65�4.36 vs 20.9�15.3 Hz; for 6.0 g: 7.54�5.3 vs 22.0�13.8 Hz; for 15.0 g: 8.08�6.41 vs 26.6�17.8 Hz; for 26.0 g: 9.8�
5.61 vs 31.4�17.6 Hz). NSC23766 treatment in STZ plus NSC animals attenuated diabetic-induced neuronal hyperexcitability, and
spike-firing rates were similar to Sham (one-way ANOVA on ranks with Dunn’s method, #p � 0.01; for 0.04 g: 2.63 � 3.87 vs
5.7�3.70 Hz; for 0.16 g: 3.99�4.41 vs 9.52�6.9 Hz; for 0.4 g: 5.59�6.04 vs 14.0�11.8 Hz; for 0.6 g: 6.19�7.36 vs 14.03�
11.8 Hz; for 1.0 g: 6.98 � 7.82 vs 15.3 � 14.8 Hz; for 4.0 g: 8.93 � 7.14 vs 20.9 � 15.3 Hz; for 6.0 g: 9.86 � 8.69 vs 22.0 � 13.8
Hz; for 15.0 g: 12.3 � 10.3 vs 26.6 � 17.8 Hz; for 26.0 g: 11.9 � 8.31 vs 31.4 � 17.6 Hz). C, A representative peristimulus
histogram shows the peripherally evoked response of WDR single units to PB, compressive press (144 g/mm 2), and pinch (583
g/mm 2) of cutaneous receptive fields. Representative unit spike waveforms are shown (right side; C). STZ WDR units peristimulus
histogram responses (gray) are overlaid with STZ plus NSC peristimulus histogram responses (black). Electrophysiological proper-
ties of WDR single units in Sham plus NSC were similar to untreated Sham for all assessments (A, white bar; B, dashed line). All
graphs are mean � SEM.
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2.2 g; week 4: p � 0.01; 22.5 � 7.5 vs 6.89 � 5.6 g) (Fig. 7A,C).
Before NSC23766 administration (in animals assigned to the STZ
plus NSC treatment arm), mechanical pain thresholds also de-
creased compared with baseline (week 2: p � 0.01; 11.6 � 7.6 vs
20.78 � 5.17 g; week 3: p � 0.01; 3.83 � 0.66 vs 20.78 � 5.17 g)
and Sham (week 2: p � 0.01; 11.6 � 7.6 vs 25.9 � 0.22 g; week 3:
p � 0.01; 3.83 � 0.66 vs 16.8 � 4.9 g). After 3 d of intrathecal
NSC23766 treatment, there was a restorative increase in mechan-
ical pain thresholds compared with untreated diabetic animals in
week 4 (p � 0.01; 17.3 � 8.1 vs 7.56 � 6.98 g). At week 4,
following NSC23766 treatment, mechanical pain thresholds were
similar to sham threshold levels (p � 0.25) and comparable with
baseline (p � 0.28). This demonstrates that NSC23766 rapidly
and significantly reduces mechanical allodynia in animals with
STZ-induced diabetic neuropathic pain. In contrast, we observed
no significant development of heat hyperalgesia (Fig. 7B,D). By
week 4, both STZ treatment arms, STZ and STZ plus NSC,
showed no significant difference in heat sensitivity between base-
line (p � 0.39 – 0.97) and Sham control animals (p � 0.051–
0.92). To determine the effects of NSC23766 on pain-related
behavior, apart from diabetic induced neuropathic pain, we had
also treated Sham animals with intrathecal NSC23766. Treat-
ment with NSC23766 did not significantly affect mechanical al-
lodynia or heat hyperalgesia readouts for nondiabetic Sham
animals at the week 4 endpoint or naive animals at baseline.

Diabetic hyperglycemia precedes maladaptive dendritic
spine remodeling
The findings reported here and our previous work suggest that
morphologic changes in dendritic spines are mechanistically
linked to neuropathic pain (Tan et al., 2008, 2009a, 2011). Thus,
an important follow-up question is whether or not diabetic ani-
mals with hyperglycemia exhibit dendritic spine abnormalities in
the absence of pain. Hyperglycemia induced by STZ injection
occurs rapidly, within 4 d (Table 1), but neuropathic pain gener-
ally begins to appear in the second or third week after diabetes
induction (Fig. 7) (Malcangio and Tomlinson, 1998; Fischer et
al., 2009). To determine whether diabetic animals with hypergly-
cemia analyzed before the development of pain-related behaviors
exhibit dendritic spine abnormalities, we investigated a subpop-
ulation of diabetic animals 1 week after STZ injection. We first
analyzed dendritic spine morphological characteristics (see
Materials and Methods), including spine shape, density, and
distribution.

As shown in Figure 8, A and B, dendritic spine shape did not
change at 1 week after STZ injection: dendritic spine length and
head diameter, respectively, were comparable with Sham animals
[p � 1.0; STZ (week 1); n � 2139 spines]. In contrast, by week 4,
STZ animals had significantly increased dendritic spine length
and head diameter compared with STZ animals in week 1 (p �
0.001) and Sham animals (p � 0.001). Similarly, dendritic spine

Figure 6. Receptive field areas expand in diabetic neuropathic pain. A, Quantification of
WDR unit receptive field areas demonstrate that diabetic animals had receptive fields that were
significantly larger, by more than sixfold, compared with Sham receptive field areas (one-way
ANOVA with Bonferonni’s post hoc, *p � 0.05). Treatment with NSC23766 decreased the size of
receptive fields compared with untreated diabetic animals (one-way ANOVA with Bonferonni’s
post hoc, *p � 0.05), but not back to Sham levels (one-way ANOVA with Bonferonni’s post hoc,
*p � 0.05). NSC23766 treatment in Sham animals did not change receptive field size (white
bar). B, A representative map shows that the receptive field areas in diabetic animals, STZ,
increases compared with Sham and STZ animals treated with NSC23766, STZ plus NSC. In A, the
open circles show individual animal means. The bar graph is mean � SEM.

Figure 7. Testing for tactile allodynia and heat hyperalgesia. A blinded observer gathered
behavioral data for mechanical allodynia (A, C) and heat hyperalgesia (B, D) at the following:
baseline (before STZ or vehicle injections) (Fig. 1) and each week until week 4. STZ-induced
diabetes progressively decreased mechanical pain thresholds, reaching significance by week 2
and maintaining decreased thresholds until the end of the experiment compared with Sham
(one-way ANOVA with Bonferonni’s post hoc, *p � 0.05). Similarly, before NSC23766 treat-
ment, animals assigned to the STZ plus NSC treatment arm also had decreased mechanical pain
thresholds compared with Sham (one-way ANOVA with Bonferonni’s post hoc, §p � 0.01).
After NSC23766 treatment over 3 d in week 3 (Fig. 1), there was a restorative increase in
mechanical pain thresholds in STZ-injected animals compared with pain thresholds in STZ ani-
mals without drug treatment (one-way ANOVA with Bonferonni’s post hoc, #p � 0.05). B,
NSC23766 treatment had no effect on thermal paw withdrawal latency compared with Sham or
STZ animals at any time point. The graphs show mechanical threshold (C) and thermal paw
withdrawal latency (D) data at 4 weeks from the three main comparator groups (gray bars;
*p � 0.01) and NSC23766 treatment in Sham animals (white bars). There was no significant
different in pain thresholds for Sham plus NSC compared with Sham ( p � 0.05). Graphs are
mean � SEM.
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density did not change in hyperglycemic
animals 1 week after STZ injection com-
pared with nondiabetic Sham animals
(Fig. 8C) (p � 0.32, for total spines; p �
0.58, for thin spines; p � 0.12, for mush-
room spines). After 4 weeks, total and
mushroom spine density increased for hy-
perglycemic STZ animals compared with
STZ animals at 1 week (p � 0.001, for
total spines; p � 0.001, for mushroom
spines). Compared with Sham, week 4
STZ animals had increased mushroom
spine density (p � 0.05). Dendritic spine
spatial distribution generally appeared
similar to Sham animals (Fig. 8), with the
exception of a change in spine spatial dis-
tribution within a single dendrite com-
partment at 100 �m in diabetic animals 1
week after STZ injection compared with
Sham animals (p � 0.01). By 4 weeks after
STZ injection, diabetic animals had a sig-
nificantly greater density of dendritic
spines located closer to the cell body com-
pared with STZ animals at 1 week in all
spine shape categories: for total spines
(p � 0.001; Fig. 8D), for thin spines (p �
0.01; Fig. 8E), and for mushroom spines
(p � 0.01; Fig. 8F). Together, these results
demonstrate that diabetic animals with
hyperglycemia do not exhibit robust
changes in dendritic spine morphology
before the development of neuropathic
pain.

Normal dendritic spine profiles in early
diabetes coincide with the absence of
neuropathic pain phenotype
To determine whether the normal spine
morphology we observed 1 week after
STZ injection predicted the absence of
neuropathic pain, we performed electro-
physiological and behavioral assessment
of this subpopulation of animals with
hyperglycemia (Fig. 9). Of the WDR neu-
rons sampled from hyperglycemic ani-
mals 1 week after STZ injection, 3 of 20
(15%) neurons exhibited spontaneous ac-
tivity. This was a qualitatively subtle in-
crease compared with nondiabetic Sham
animals, which had 2 of 17 (12%) sampled
WDR neurons with spontaneous activity.

STZ animals 1 week after STZ injection
did not exhibit dynamic mechanical allo-
dynia; these hyperglycemic animals had
peripherally evoked unit activity follow-
ing responses to PB, press (144 g/mm 2),
and pinch (538 g/mm 2) stimuli that were
not significantly different from the re-
sponses in Sham (Fig. 9A) (for all sensory
modalities, p � 0.05). In addition, 1 week
diabetic animals had lower single-unit
activity rates compared with diabetic ani-
mals 4 weeks after STZ injection (p �

Figure 8. Dendritic spine morphology 1 and 4 weeks after STZ induction of diabetes. Graphs of spine shape measurements show
data for spine length (A) and spine head (B) diameter from neurons in nondiabetic Sham, 1 and 4 weeks after STZ induction of
diabetes. There was no difference in spine length or spine head diameter 1 week after STZ injection compared with Sham ( p � 1.0,
for spine length: 1.11 � 0.09 vs 1.22 � 0.02 �m; p � 1.0, for head diameter: 0.69 � 0.19 vs 0.88 � 0.008 �m). In contrast, by
week 4, STZ animals had increased spine length and head diameter compared with STZ animals in week 1 (one-way ANOVA with
Bonferonni’s post hoc test, *p � 0.001; for spine length: 1.11 � 0.09 vs 1.55 � 0.06 �m; for head diameter: 0.69 � 0.19 vs
2.08 � 0.67 �m) and Sham (one-way ANOVA with Bonferonni’s post hoc test, *p � 0.001; for spine length: 1.22 � 0.02 vs
1.55 � 0.06 �m; for head diameter: 0.88 � 0.008 vs 2.08 � 0.67 �m). Analysis of hyperglycemic diabetic animals 1 week after
STZ induction demonstrated no change in spine density (C) for total, thin-shaped, and mushroom-shaped spines compared with
Sham ( p�0.32, for total spines: 2.26�0.08 vs 2.83�0.86 spines/10 �m; p�0.58, for thin spines: 2.13�0.78 vs 2.63�0.82
spines/10 �m; p � 0.12, for mushroom spines: 0.15 � 0.14 vs 0.21 � 0.13 spines/10 �m). For total spine density, there was a
significant increase in STZ animals at 4 weeks, compared with STZ animals at 1 week (one-way ANOVA with Bonferonni’s post hoc
test, *p � 0.001; for total spines: 3.52 � 0.81 vs 2.26 � 0.80 spines/10 �m; for mushroom spines: 0.63 � 0.24 vs 0.15 � 0.14
spines/10 �m). Mushroom spine density in STZ animals at 4 weeks was greater than STZ animals at 1 week and nondiabetic Sham
(one-way ANOVA with Bonferonni’s post hoc test, *p � 0.05; 0.63 � 0.24 vs 0.22 � 0.13 spines/10 �m). Total (D), thin (E), and
mushroom (F ) spines redistributed significantly in STZ diabetic animals at 1 week compared with STZ animals in week 4 (one-way
ANOVA on ranks with Dunn’s method, §p �0.01; for total spines, at 50 �m: 3.00�1.35 vs 1.7�0.81 spines/10 �m; at 100 �m:
3.5�1.08 vs 2.1�0.69 spines/10 �m; at 150 �m: 3.41�1.08 vs 2.5�0.86 spines/10 �m; at 250 �m: 2.37�0.93 vs 2.43�
1.18 spines/10 �m; at 300 �m: 2.71 � 1.54 vs 2.06 � 1.31 spines/10 �m; for thin spines, at 300 �m: 3.32 � 1.4 vs 1.6 � 1.33
spines/10 �m; for mushroom spines, at 50 �m: 0.86 � 1.07 vs 0.12 � 0.12 spines/10 �m; at 100 �m: 0.85 � 0.82 vs 0.09 �
0.08 spines/10 �m; p � 0.001, at 150 �m: 0.71 � 0.72 vs 0.13 � 0.08 spines/10 �m; at 200 �m: 0.76 � 0.85 vs 0.12 � 0.09
spines/10 �m; at 250 �m: 0.71 � 0.78 vs 0.15 � 0.16 spines/10 �m). In the total spine distribution analysis (D), STZ animals at
1 week had a single region at 100 �m with decreased spine density compared with Sham (one-way ANOVA on ranks with Dunn’s
method, #p � 0.01; at 100 �m: 3.05 � 1.25 vs 2.1 � 0.69 spines/10 �m). STZ animals in week 4 had significantly redistributed
total dendritic spines and thin-shaped spines compared with Sham (one-way ANOVA on ranks with Dunn’s method, *p�0.01). All
graphs are mean � SEM.
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0.05, for PB, press, and pinch). In von Frey
testing, week 1 STZ animals demonstrated
evidence of punctate hyperalgesia when
compared with Sham (Fig. 9B) (p � 0.05,
for von Frey filament intensity of 0.04 and
0.16 g). There was no difference in periph-
erally evoked single WDR unit activity be-
tween week 1 STZ and Sham at von Frey
filament intensities �0.16 g (p � 0.05). As
reported earlier (see above), STZ animals
at week 4 demonstrated significantly in-
creased peripherally evoked unit activity
for all sensory modalities compared with
Sham. The mean receptive field size of
WDR single units in 1 week diabetic ani-
mals was statistically equivalent to Sham
animals (Fig. 9C) (p � 0.05).

Our previous work (Fischer et al.,
2009) and data reported here demonstrate
that diabetic animals with hyperglycemia
progressively develop significant neuro-
pathic pain-related behavior. As expected,
1 week following STZ-induced hypergly-
cemia, animals do not present with signif-
icant mechanical allodynia (Fig. 9D),
demonstrated by equivalent stimulus with-
drawal threshold compared with nondia-
betic Sham animals (p � 0.59). In contrast,
STZ animals in week 4 had significantly re-
duced mechanical withdrawal threshold
compared with animals 1 week after STZ-
induced diabetes (p � 0.05). STZ animals at
week 4 demonstrated significant mechani-
cal allodynia compared with Sham (see
behavioral data presented earlier). We ob-
served no significant development of heat
hyperalgesia across any treatment group or
experimental endpoint (Fig. 9E).

Discussion
Diabetes mellitus occurs in global epidemic numbers, affecting �50
million persons worldwide. Chronic neuropathic pain represents a
major complication of diabetes. Although much research has been
devoted to understanding the underlying mechanisms of diabetic
neuropathic pain, current clinical treatments have had limited effec-
tiveness in reducing this type of pain. Our data demonstrate for the
first time a mechanistic role for postsynaptic dendritic spine remod-
eling within the spinal cord in diabetic neuropathic pain. Dendritic
spines on second-order nociceptive neurons showed changes in
morphological architecture, increased in density, and redistributed
along dendritic branches. These diabetes-induced structural altera-
tions would be expected to have adverse functional implications for
sensory neurons and may underlie the pathophysiological properties
of these cells associated with neuropathic pain (Tan et al., 2009a). In
agreement with this, dendritic spine remodeling in diabetic animals
was accompanied by WDR neuron hyperexcitability in response to
low- and high-threshold stimuli; and these animals also demon-
strated decreased mechanical pain thresholds. Importantly, diabetic
animals with hyperglycemia in the absence of neuropathic pain ex-
hibited near-normal spine profiles, comparable with nondiabetic
animals (Table 3). Together, these observations support a structure–
function link between maladaptive dendritic spine remodeling and
neuropathic pain in an animal model of diabetic neuropathic pain.

Rac1, a small kinase (�21 kDa) in the family of Rho GTPases
involved in multiple cellular functions (Ridley, 2006), can regu-
late dendritic spine morphology and function (Tashiro and
Yuste, 2004, 2008). Interestingly, emerging evidence has sug-
gested that ROCK inhibitors (inhibitors of RhoA/Rho kinases)
are promising candidates for the treatment of painful diabetic
neuropathies, as demonstrated by experiments in STZ-induced

Figure 9. Electrophysiological and behavioral pain assessment 1 and 4 weeks after STZ induction of diabetes. A, Dynamic
mechanical allodynia of sampled WDR neurons in STZ animals at 1 week demonstrated no difference compared with Sham ( p �
0.05). By week 4, STZ animals displayed significantly increased peripherally evoked activity of WDR single units compared with STZ
animals at 1 week and Sham (one-way ANOVA on ranks with Dunn’s method, *p � 0.05; for PB: 6.57 � 2.71 vs 33.1 � 15.5 Hz;
for 144 g/mm 2: 13.1 � 8.1 vs 33.5 � 21.7 Hz; for 538 g/mm 2: 13.6 � 6.9 vs 42.7 � 23.2 Hz). B, In all animals, stimulation with
progressively more intense von Frey filaments produced a corresponding increase in spike-firing rates. In STZ animals at 1 week, at
the lowest stimulus intensities (0.04 and 0.16 g), there was a significant increase in evoked response of WDR units compared with
Sham, demonstrating a subtle presence of punctate mechanical allodynia (one-way ANOVA on ranks with Dunn’s method, #p �
0.05; for 0.04 g: 2.04 � 2.35 vs 5.9 � 3.14 Hz; for 0.16: 3.18 � 2.36 vs 8.51 � 5.27 Hz). There was no significant difference
between STZ animals at 1 week compared with those in week 4 until the strongest von Frey stimuli intensity (26.0 g) (one-way
ANOVA on ranks with Dunn’s method, §p � 0.05). For all stimulus intensities, STZ animals in week 4 had significantly greater
spike-firing rates compared with Sham (one-way ANOVA on ranks with Dunn’s method, *p � 0.05). C, Receptive field area of STZ
animals at 1 week was not significantly different compared with Sham ( p � 0.05). STZ animals in week 4 had receptive fields that
were significantly larger compared with STZ at week 1 and Sham (one-way ANOVA with Bonferonni’s post hoc, *p � 0.05).
Behavioral assessment for pain for mechanical allodynia (D) demonstrated no difference between STZ animals at 1 week compared
with Sham ( p � 0.59; 17.2 � 5.42 vs 19.6 � 4.6 g for von Frey). In contrast, STZ animals in week 4 displayed significantly
decreased mechanical pain threshold compared with STZ animals at 1 week (one-way ANOVA with Bonferonni’s post hoc, *p �
0.05; 6.89 � 5.63 vs 17.2 � 5.42 g) and Sham (one-way ANOVA with Bonferonni’s post hoc, *p � 0.05) (Fig. 7). E, There was no
significant difference across Sham, STZ (week 1), and STZ (week 4) groups in behavioral tests for heat hyperalgesia ( p � 0.05).
Graphs are mean � SEM.

Table 3. Summary findings of treatment arm comparisons with Sham

Treatment arm

Malformed spinesa Paina

Shape Density Distribution Electrical Behavioral

STZ (week 1) — — *† * —
STZ (week 4) *** *** *** *** *
STZ � NSC * * — * —
Sham � NSC *† — — — —
Sham Control

All STZ animals exhibited significant hyperglycemia at the time of testing. For dendritic spine morphology, outcome
measures include shape, density, and distribution. Pain outcome measures include assessments for WDR neuron
excitability and behavioral symptoms of neuropathic pain.
aDefined by Sham control values.

—, No significant change in any tests within the outcome measure.

*Significant change in less than or one-half of tests within an outcome measure.

***Significant change in more than one-half of tests within an outcome measure.
†Significant change below Sham control values.
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diabetic mice (Ohsawa and Kamei, 2010; Ohsawa et al., 2011).
While the exact mechanism of action for Rac1-inhibition in at-
tenuating neuropathic pain is not well understood, the activity of
Rac1 is known to regulate dendritic spine morphology through
its action on filamentous actin, a building block of dendritic
spines, and promotes the clustering of excitatory AMPA recep-
tors in spines (Nakayama and Luo, 2000). We have previously
shown that the Rac1 inhibitor, NSC23766, can disrupt dendritic
spine morphology in vitro (Tan et al., 2011). Here, we treated
nondiabetic Sham animals with NSC23766, which resulted in
decreased spine length compared with untreated Sham animals.
Treatment did not affect spine head diameter, spine density, or
distribution, and did not significantly change electrical or behav-
ioral outcomes compared with untreated Sham, suggesting that,
although NSC23766 treatment may subtly affect spine structure,
its action does not significantly affect normal function. To deter-
mine the contributory role of structural plasticity of dendritic
spines in diabetic neuropathic pain, we administered NSC23766
in animals with diabetic neuropathic pain. We show for the first
time that treatment with a Rac1 inhibitor results in a change in
spine structure toward normal that is paralleled by a significant
reduction in mechanical neuropathic allodynia, and show that it
mitigates hyperexcitability of WDR neurons in diabetic animals.
In addition, we show that treatment with Rac1 inhibitor
NSC23766 is fast-acting and effective within 3 d of administration.

Our results support the interpretation that morphologic
changes in dendritic spines are mechanistically linked to injury-
or disease-induced neuropathic pain (Tan et al., 2008, 2011; Tan
and Waxman, 2011). Thus, we hypothesized that diabetic ani-
mals with hyperglycemia would not exhibit dendritic spine ab-
normalities in the absence of pain. Hyperglycemia induced by
STZ injection occurs rapidly, within 4 d, but significant neuro-
pathic pain only occurs by the second week after induction, as
demonstrated previously (Malcangio and Tomlinson, 1998; Fi-
scher et al., 2009). Our findings show that before the develop-
ment of neuropathic pain in diabetic animals, at 1 week after STZ
induction, dendritic spines appear similar to nondiabetic control
animals. These results have two implications: first, within the
context of the hyperglycemic condition, the presence of maladap-
tive dendritic spines predicts the manifestation of neuropathic
pain phenotype. Second, there may be a therapeutic window in
the early stages of diabetes for preventing the establishment of
intractable neuropathic pain, by targeting disease-induced den-
dritic spine remodeling.

We observed significant mechanical allodynia within 2 weeks
after STZ injection, in agreement with others (Courteix et al.,
1993; Chen and Pan, 2002). A trend for mechanical allodynia was
observed at 1 week, but was not statistically significant, raising the
possibility that, in some animals, there may be early development
of diabetic-induced pain. Without treatment, tactile pain thresh-
olds in diabetic animals continued to decline, demonstrating sig-
nificant allodynia at 3 weeks and remaining severely below
normal until the end of the experiment at 4 weeks. In these ani-
mals, however, we observed no significant change in withdrawal
latency to noxious heat stimuli. Treatment with NSC23766 also
produced no change in behavioral responses to heat stimulation.
Within the literature, some studies report that STZ-induced dia-
betic animals develop heat hyperalgesia (Courteix et al., 1993),
whereas other studies report no change or decreased thermal pain
sensitivity (Raz et al., 1988; Malcangio and Tomlinson, 1998;
Pertovaara et al., 2001). This disparity in heat hyperalgesia in
diabetic models of neuropathic pain has several possible explana-
tions: First, it has been suggested that the use of radiant heat

stimuli to detect thermal hyperalgesia could have limitations as it
only measures the noxious heat detection threshold (Chen and
Pan, 2002); it is not known whether thermal sensitivity at su-
prathreshold heat intensities or the response to prolonged nox-
ious heat stimulation is altered in the diabetic rat model of
neuropathic pain. Second, in studies showing absence of abnor-
mal heat sensitivity, it is possible that unmyelinated C-fiber af-
ferents, which carry thermal nociceptive information, remain
unaffected; whereas in studies that demonstrate thermal hyper-
algesia, C-fibers may become more excitable in this rat model of
diabetic pain (Ahlgren and Levine, 1994). This latter interpreta-
tion is in agreement with evidence supporting multiple patholog-
ical mechanisms originating in the periphery (i.e., peripheral
neuropathy, vascular dysfunction, hypoxic tissue damage, and
altered sodium channel expression, each of which can contribute
to diabetic neuropathic pain) (Benbow et al., 1994; Craner et al.,
2002b; Boucek, 2006; Jain, 2008; Veves et al., 2008).

Alternatively, emerging evidence supports a central contribu-
tion to diabetic neuropathic pain (Fischer et al., 2009; Fischer and
Waxman, 2010). Here, we show that dendritic spine morpholo-
gies in dorsal horn neurons change in STZ-induced diabetic neu-
ropathic pain. In particular, our results show a significant nearly
threefold increase of mushroom-shaped dendritic spines. As we
have demonstrated previously, the geometry of mushroom-
shaped dendritic spines can promote the transmission of, and
amplify high-frequency tactile input (Tan et al., 2009a). Because
thermal inputs travel at lower frequency with slower conduction
velocities through unmyelinated or thinly myelinated afferents
C- or A�-afferents (Ossipov et al., 1999), an increase in mush-
room spines could have positive bias toward influencing tactile
transmission, with a lesser effect on thermal transmission.

Our findings are supported by literature showing that, in
many pathological states, spines change shape, size, and number
(Calabrese et al., 2006). In the cortex, malformed or altered
spines have been observed in a spectrum of diseases, including
epilepsy, stroke, schizophrenia, mental retardation, dementia,
and chronic substance abuse (Halpain et al., 2005). Although few
functional studies have been performed to link these pathological
spine structures with dysfunction, evidence is growing for a con-
tribution of dendritic spines in pathological function. In a model
of fragile X mental retardation, mice with Fmr1 protein knock-
out show impaired long-term potentiation (Wilson and Cox,
2007) and malformed dendritic spines due to dysfunctional Rac1
signaling (Chen et al., 2010). Interestingly, these mice display
decreased neuropathic allodynia (Price et al., 2007). Spinal cord
injury also results in dendritic spine alterations on motor cortex
(Kim et al., 2006), and induces Rac1-regulated spine remodeling
on nociceptive dorsal horn neurons that contributes to neuro-
pathic pain (Tan et al., 2008, 2009a).

Relevant to the present study, previous work has shown de-
creases in dendritic spine density in the prefrontal cortex of dia-
betic rats 2 months after STZ induction (Joghataie et al., 2007).
Another study showed decreases in dendritic spine density in the
parietal neocortex in the STZ model of diabetes associated with
impaired performance in a water maze memory test at 2 months
after induction of diabetes (Malone et al., 2008). These previous
studies demonstrate that STZ-induced diabetes is associated with
changes in dendritic spines in the brain and impaired long-term
memory. Importantly, none of these studies definitively address
the question of whether changes in spines are a direct conse-
quence of hyperglycemia or, alternatively, are triggered by
changes in presynaptic elements. Similarly, our experiments do
not permit us to determine whether spine changes in the dorsal
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horn in STZ-induced diabetes are triggered early by changes in
primary afferents, or as a direct consequence of hyperglycemia or
other metabolic alterations.

Dendritic spine architecture could directly affect WDR neu-
ron hyperexcitability through signal amplification, increased sig-
nal fidelity, and/or reduced noise-filtering capabilities (Rall,
1962; Tan et al., 2009a). It is intriguing that diabetes can induce
structural changes in neurons within the spinal cord, which sug-
gests that metabolic disease may engage synaptic remodeling
mechanism that can chronically and adversely alters the central
sensory processing system (Ji and Woolf, 2001). Our results show
that inhibition of Rac1 activity in animals with diabetic neuro-
pathic pain can attenuate injury-induced changes in dendritic
spines and partially restore normal pain function; in agreement,
Rac1 inhibition had similar effects after SCI and peripheral nerve
injury (Tan et al., 2008, 2011). Together with our earlier obser-
vation that dendritic spine remodeling occurs in both SCI and
peripheral nerve injury models of neuropathic pain, the present
results suggest that molecular pathways that control spine mor-
phogenesis may be promising future targets for treatments in
neuropathic pain of multiple etiologies, including diabetic neu-
ropathic pain.
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