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While peripheral neuropathy is the most common compli-
cation of long-term diabetes, cognitive deficits associated
with encephalopathy andmyelopathy also occur. Diabetes
is a risk factor for Alzheimer disease (AD) and increases
the risk of progression from mild cognitive impairment to
AD. The only current recommendation for preventing or
slowing the progression of peripheral neuropathy is to
maintain close glycemic control, while there is no recom-
mendation for central nervous system disorders. NSI-189
is a new chemical entity that when orally adminis-
tered promotes neurogenesis in the adult hippocampus,
increases hippocampal volume, enhances synaptic plas-
ticity, and reduces cognitive dysfunction. To establish the
potential for impact on peripheral neuropathy, we first
showed that NSI-189 enhances neurite outgrowth and
mitochondrial functions in cultured adult rat primary sen-
sory neurons. Oral delivery of NSI-189 tomurine models of
type 1 (female) and type 2 (male) diabetes prevented
multiple functional and structural indices of small and large
fiber peripheral neuropathy, increased hippocampal neu-
rogenesis, synaptic markers and volume, and protected
long-term memory. NSI-189 also halted progression of
established peripheral and central neuropathy. NSI-189,
which is currently in clinical trials for treatment of major
depressive disorder, offers the opportunity for the devel-
opment of a single therapeutic agent against multiple in-
dices of central and peripheral neuropathy.

Small fiber neuropathy, as detected by quantitative sen-
sory testing, skin biopsy specimen, or corneal confocal

microscopy, is an early feature of diabetic peripheral
neuropathy, while large myelinated fiber dysfunction is
detected as slowing of conduction velocity (1,2). It is
increasingly recognized that diabetes also affects the cen-
tral nervous system (CNS) (3,4), with cognitive dysfunc-
tion reported in patients with type 1 (5) and type 2 (6,7)
diabetes supporting a growing consensus that diabetes is
a risk factor for cognitive impairment and Alzheimer
disease (3,8,9).

Preclinical studies have identified multiple mechanisms
that may contribute to diabetic peripheral neuropathy
(10). However, clinical recommendations remain re-
stricted to maintaining glycemic control (2). Moreover,
although reduced cognitive function, synaptic plasticity,
and brain volume also occur in rodent models of diabe-
tes (11,12), there have been few preclinical or clinical
attempts to prevent or reverse CNS dysfunction. Insulin
and C-peptide, acting in their neuroprotective capacities,
both ameliorate multiple indices of peripheral neuropathy
and encephalopathy (12–14), and ideal therapeutics would
similarly target both peripheral nervous system (PNS) and
CNS damage. The potential for neuroprotection to extend
throughout the nervous system led us to hypothesize that
drugs that are neuroprotective in CNS neurodegenerative
diseases might be effective against diabetes-induced dam-
age to both the CNS and PNS.

NSI-189 is an orally active benzylpiperizine-aminopyridine
that stimulates neurogenesis, synaptogenesis, and in-
creased hippocampal volume in mice (15), demonstrates
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long-term neurogenic capacity in a rat model of ischemic
stroke (16), ameliorates cognitive impairment in rats with
irradiation-induced brain injury (17), and enhances syn-
aptic plasticity and cognitive function in a mouse model of
Angelman syndrome (18). A double-blind phase Ib safety
study in patients with major depressive disorder demon-
strated that oral NSI-189 was safe and had significant
long-acting antidepressant and procognitive effects (19),
with efficacy recently confirmed in a phase II double-blind
placebo-controlled study (20). The known safety profile
and emerging efficacy profile of NSI-189 prompted us to
evaluate its ability to stimulate peripheral neurons and
impact central and peripheral neuropathy in rodent mod-
els of diabetes.

RESEARCH DESIGN AND METHODS

Sensory Neuron Cultures
Dorsal root ganglia (DRG) from normal and 3- to 4-month
streptozotocin (STZ)-induced diabetic adult male Sprague-
Dawley rats were dissociated as previously described (21),
and sensory neurons were cultured in insulin-free defined
Hams F12 media containing 10 mmol/L or 25 mmol/L
(cells from control or diabetic rats, respectively) D-glucose.
Total neurite outgrowth has been directly related to an
arborizing form of axonal plasticity homologous to in vivo
collateral sprouting (22).

Mitochondrial Respiration
An XF24 Analyzer (Seahorse Biosciences, Billerica, MA)
was used tomeasure basal mitochondrial oxygen consump-
tion, maximal respiration, spare respiratory capacity, and
nonmitochondrial oxygen consumption of sensory neu-
rons in culture (21).

Estimation of Pharmacokinetic Properties and
Bioavailability in Mouse
Male C57Bl/6J mice were administered NSI-189 by oral
gavage or intravenous injection. Plasma and snap-frozen
brains were collected at eight time points for analysis of
NSI-189 levels by liquid chromatography–tandem mass
spectrometry assay (19).

Animals
Experiments were performed in adult female Swiss Web-
ster mice (Harlan, Indianapolis, IN), adult male C57/BLKS/
J and C57BLKSjBKS.Cg-Dock7m1/1 Leprdb/J (also called
db/db) mice (stock nos. 000662 and 000642; The Jackson
Laboratory, Bar Harbor, ME), and adult male Sprague-
Dawley rats (University of Manitoba). Rats were housed in
pairs and mice four to five per cage with free access to
water and food (RMH300 for rats [LabDiet, St. Louis, MO]
and 5001 PMI diet for mice [Harlan]). Studies followed
protocols approved by the Institutional Animal Care and
Use Committee of the University of California, San Diego,
and by the University of Manitoba Animal Care Committee
following Canadian Council of Animal Care rules.

Type 1 diabetes was induced by injection of STZ
(90 mg/kg) (Sigma-Aldrich, St. Louis, MO) that was freshly

dissolved in 0.9% sterile saline and administered after an
overnight fast as a single injection to rats or on two
consecutive days to mice. Hyperglycemia was measured
using a test strip and meter for rats (AlphaTrak 2; Zoetis,
Parsippany, NJ) and OneTouch Ultra for mice (Lifescan,
Milpitas, CA) in a blood sample obtained 4 days after STZ
injection. Rodents with blood glucose .270 mg/dL were
accepted as diabetic. This regimen does not produce di-
rect STZ-induced neurotoxicity in mice (23) or rats (24).
One group of STZ-diabetic mice received subcutaneous
implants of slow-release insulin pellets (three pellets/
mouse, release rate 0.1 units/24 h) (LinBits; LinShin
Canada, Toronto, Ontario, Canada) at the onset of di-
abetes, with additional pellets implanted as needed.

Type 2 diabetes was modeled using db/db mice, which
develop impaired leptin receptor function leading to
polyphagia, obesity, insulin resistance, hyperinsuline-
mia, and mild-moderate hyperglycemia by 6–8 weeks
of age.

Drugs
NSI-189 phosphate, (4-benzylpiperazin-1-yl)-[2-(3-
methylbutylamino)pyridin-3-yl] methanone, was provided
by Neuralstem, Inc., and first dissolved in 0.2 N HCl and
then diluted 1:10 with distilled water (pH 4–5). NSI-189 or
vehicle (0.02 N HCl, pH 4–5) was administered daily by
oral gavage. Unless noted, assays were performed 24 h
after the most recent treatment to preclude detection of
transient effects. For cell culture, NSI-189 phosphate was
dissolved in 100% DMSO.

Behavioral Assays

Memory Tests
The object recognition test was performed to assess short-
term (1-h) memory without the requirement of an acqui-
sition phase. After exposure to two similar objects, the
amount of time taken to explore the new object provides
an index of recognition memory. Long-term memory was
assessed using the Barnes maze (11). Mice were placed on
the Barnes maze and allowed to locate the escape box on
five consecutive days to facilitate learning (acquisition
phase). The test was repeated 4 weeks later to assess
long-term memory of the learned behavior (retention
phase).

Tactile Responses
Paw responsiveness to light touch was measured using von
Frey filaments (25). Both hind paws were tested, and the
mean was used to represent the 50% paw withdrawal
threshold (PWT).

Thermal Responses
Paw withdrawal from heat was measured using a thermal
testing apparatus (UARD, San Diego, CA). Both hind paws
were tested three times at 5-min intervals. The median
response time for each paw was calculated and the mean of
the two medians used to represent each mouse (25).
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Electrophysiology
Motor nerve conduction velocity (MNCV) was mea-
sured in the sciatic nerve–interosseus muscle system
of isoflurane-anesthetized animals (25). Three measure-
ments were made per mouse, and MNCV was calculated
using the median value and distance between the stimu-
lation points.

Epidermal Nerve Visualization and Quantification
Animals were killed, and the hind paw plantar skin was
removed into 4% paraformaldehyde for 24 h. Samples
were embedded in paraffin and cut as 6-mm sections before
incubation with antibodies against the panneuronal
marker PGP 9.5 (1:1,000; Biogenesis Ltd., Poole, U.K.).
Slides were coded and epidermal PGP9.5 immunoreactive
profiles quantified by light microscopy (25).

Corneal Nerve Visualization and Quantification
Mice were anesthetized with isoflurane and placed
in a custom-designed imaging platform connected to
a Heidelberg Retina Tomograph 3 with the Rostock Corneal
Module (Heidelberg Engineering, Heidelberg, Germany).
The image collecting procedure has previously been de-
scribed (25). Nerve occupancy or the total nerve length,
traced using ImageJ software, was calculated for five
sequential images (2-mm spacing) of the subbasal plexus.

Neurogenesis and Hippocampal Volume
Mice received an intraperitoneal injection of BrdU (Sigma-
Aldrich) in PBS (pH 7.2) every 8 h over 72 h prior to study
termination. Animals were sacrificed 3 h after the last
BrdU injection and perfused with 4% paraformaldehyde.
BrdU-positive cells represent neurogenesis as BrdU incor-
porates into the newly synthesized DNA of replicating cells
(26). Hippocampal sections (40 mm) were viewed using
a Nikon AZ100 light microscope, BrdU-positive cells were
counted, and hippocampal volume was measured by trac-
ing (17).

Western Blotting
Hippocampi were homogenized in buffer (50 mmol/L Tris-
HCl [pH 7.4], 150 mmol/L NaCl, 0.5% Triton X, 1 mmol/L
EDTA, protease inhibitor cocktail), processed, and sepa-
rated on 4–12% SDS-PAGE Bis-Tris gels (Novex; Invitro-
gen, Carlsbad, CA) as described previously (11). Blots were
incubated with antibodies against NeuN (1:1,000; Milli-
pore), synaptophysin (1:10,000; Millipore), PSD95 (1:500;
Chemicon), BDNF (1:1,000; Abcam), or actin (1:5,000;
Sigma-Aldrich), followed by the corresponding secondary
antibodies tagged with infrared dyes (IRDye, 1:15,000;
LI-COR Biosciences, Lincoln, NE).

Data Analysis
All animals and tissues were coded during assay to prevent
observer bias. Data are presented as group mean 6 SD.
Statistical comparisons were made by one-way or repeat
ANOVA with between-group differences identified using
the Dunnett post hoc test.

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available from the corresponding
author upon reasonable request. The compound NSI-
189 that supports the findings of this study is available
from Neuralstem, Inc./Dr. Karl Johe. NSI-189 may be
available from the authors and/or Neuralstem, Inc., upon
reasonable request and with permission of Neuralstem,
Inc.

RESULTS

Adult Sensory Neurons In Vitro
NSI-189 (1.0–3.0 mmol/L) significantly increased 24 h
total neurite outgrowth in neurons from normal or
diabetic rats (Fig. 1A–C). Mitochondrial function was
assessed in sensory neurons from control (Supplemen-
tary Fig. 1) and STZ-diabetic rats using the Seahorse
XF24 analyzer and sequential addition of uncouplers
and inhibitors (Fig. 1D). Basal respiration in neurons
from control or diabetic rats was unchanged by NSI-189
(Fig. 1E and Supplementary Fig. 1). Maximal respiration
and spare respiratory capacity were significantly (P ,
0.05) increased after 24-h exposure to NSI-189 in neu-
rons from diabetic rats (Fig. 1F and G) and trended
upward in neurons from control rats (Supplementary
Fig. 1).

Drug Distribution in Normal Mice
The brain-to-plasma ratio of the NSI-189 distribution
area under the curve (AUC0-t) was well above the min-
imal penetration limit of 0.04 at all doses and routes,
indicating good brain penetration. NSI-189 penetrated
the brain rapidly, with maximal concentrations (Tmax)
observed at initial sampling, 8 min after intravenous
(i.v.) administration (Table 1). Tmax occurred 18–
30 min after oral (per os [po]) dosing, and the abso-
lute oral bioavailability (Fabs) of NSI-189 phosphate
in the brain at 10 mg/kg was 20% (Fabs 5 100 3
[AUCpo/AUCi.v.]).

Type 1 Diabetes: Prevention Study
Promising in vitro data (Fig. 1) prompted us to investi-
gate efficacy of NSI-189 against indices of neuropathy
in both the CNS and PNS of the STZ-induced diabetic
mouse model of type 1 diabetes, as this model develops
encephalopathy, impaired cognitive functions, and mul-
tiple indices of peripheral neuropathy (11,25). Female
STZ-diabetic mice were treated with vehicle or NSI-189
(10 mg/kg/day) from onset of diabetes for 16 weeks, with
a group of mice treated with insulin (0.1 units/24 h)
included as a positive control. Vehicle-treated diabetic
mice had elevated blood glucose and HbA1c levels at study
end that were lowered by insulin therapy but not NSI-189
(Table 2).

The acquisition phase of the Barnes maze test was
performed during week 11, and retention was tested
4 weeks later to assess long-term memory. All groups of
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mice exhibited similar performance on the last day of the
acquisition phase (Fig. 2A). Vehicle-treated diabetic mice
had impaired short-term (Fig. 2C) and long-term (Fig. 2B)
memory retention, accompanied by significant (P , 0.05)
reductions in hippocampal cornu ammonis (CA)1, CA3,
and dentate gyrus (DG) volume compared with control
mice (Fig. 2D–F). Treatment with insulin or NSI-189
significantly protected long-term memory (P , 0.01 and
P , 0.05 vs. vehicle-treated diabetic mice, respectively)
and attenuated reductions in the volume of the CA1 and
DG regions so that values were not different from control
or untreated diabetic mice. In contrast, neither treatment

significantly improved short-term memory or the reduced
volume of the CA3 region (Fig. 2C and E).

At study end, STZ-diabetic mice showed multiple func-
tional and structural indices of peripheral neuropathy,
including MNCV slowing, paw tactile allodynia, paw
heat hypoalgesia, reduced paw intraepidermal nerve fiber
(IENF) density, and reduced corneal nerve density in the
subbasal nerve plexus (all P, 0.001 vs. control mice) (Fig.
2G–K). Insulin or NSI-189 significantly prevented or
attenuated all deficits, although in the case of MNCV
slowing, the effect of NSI-189 did not reach statistical
significance.

Figure 1—NSI-189 augments neurite outgrowth and mitochondrial function in adult rat DRG sensory neurons. A and B: Effect of NSI-189 on
neurite outgrowth from normal neurons (n5 5–7 replicate cultures). C: Effect of NSI-189 on DRG neurons derived from a 3- to 4-month STZ-
induced diabetic rat (n5 6–10 replicate cultures). D: Seahorse XF24 trace showing oxygen consumption rate (OCR) of neurons from diabetic
rats treated for 24 h with 1.0 or 3.0 mmol/L NSI-189. The following drugs were added: oligomycin (oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and rotenone 1 antimycin A (Rot1AA) . Basal respiration (E), maximal respiration (F), and
spare respiratory capacity (G) derived from D (n 5 6–7 replicate cultures). Data are mean 6 SD. *P , 0.05, **P , 0.01 by one-way ANOVA,
followed by the Dunnett post hoc test.
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Type 1 Diabetes: Intervention Study
Female mice were treated with vehicle or NSI-189 (10 mg/
kg/day) for the last 8 weeks of a 16-week period of
diabetes, with indices of peripheral nerve function mea-
sured throughout to assess reversal of established neu-
ropathy. NSI-189 treatment did not alter the lower body
weight or hyperglycemia of STZ-diabetic mice (Table 2).

The acquisition phase of the Barnes maze test was
performed during week 11 and retention tested 5 weeks
later. All groups of mice showed similar performance on
the last day of the acquisition phase (Fig. 3A). Five weeks
later, vehicle-treated diabetic mice showed significantly
(P , 0.01) impaired long-term memory retention (Fig.
3B) compared with control mice. This was accompanied
by significant (P , 0.01) reductions in hippocampal CA1
and DG volume compared with control mice (Fig. 3D–F).

Treatment with NSI-189 protected long-term memory but
had minimal effect on the reductions in CA1 and DG
volume and no effect on short-term memory or CA3
volume (Fig. 3C and E).

STZ-diabetic mice developed progressive MNCV slow-
ing, early and consistent tactile allodynia, and progressive
thermal hypoalgesia, all of which were established after
8 weeks of diabetes (Fig. 3G–K). Intervention with NSI-189
for a further 8 weeks halted progression of these indices of
peripheral neuropathy, such that by study end, values were
significantly different from vehicle-treated diabetic mice,
while also being significantly different from controls.
Vehicle-treated STZ-diabetic mice also showed signifi-
cantly reduced paw skin IENF density (Fig. 3J) and occu-
pancy (Fig. 3K) in the corneal subbasal nerve plexus that
was attenuated by NSI-189 treatment.

Type 2 Diabetes: Prevention Study
We extended studies to the db/db mouse model of type
2 diabetes to model the most common form of diabetes.
Homozygotes develop multiple indices of peripheral neu-
ropathy and encephalopathy but are not viable in memory
assays due to obesity (Table 2) that limits ambulation.
Male control and db/db mice were treated with NSI-189
(30 mg/kg/day) or vehicle from onset of diabetes (7–
8 weeks of age) for 26 weeks. NSI-189 had no impact
on body weight, nonfasting blood glucose levels, or glucose
clearance following oral glucose delivery of control mice.
NSI-189 was also without effect on elevated body weight
(Table 2) and impaired blood glucose clearance of db/db
mice in early stages (8 weeks) of diabetes (Fig. 4A).
However, a decline in nonfasted blood glucose of db/db
mice in the terminal stages of the study was accelerated by

Table 1—Pharmacokinetics parameters after intravenous or
oral delivery of NSI-189 to normal mouse

Dose
(mg/kg)

Tmax

(h)
Cmax

(ng/mL)
AUC0–t

(ng∗h/mL)

Intravenous
delivery

Plasma 1 0.083 215 172
3 0.083 858 625
10 0.083 3,014 2,135

Brain 1 0.13 298 165
3 0.13 654 522
10 0.13 2,280 1,278

Oral delivery
Plasma 10 0.5 116 105

30 0.25 270 420
Brain 10 0.5 78 258

30 0.3 170 425

Table 2—Impact of diabetes and NSI-189 on terminal systemic parameters in mice

N
Body weight Blood glucose Blood HbA1c Blood HbA1c Deaths

during study(g) (mg/dL) (%) (mmol/mol)

Type 1: Prevention
Control 1 vehicle 10 32.4 6 4.7* 153 6 26*** 3.1 6 0.2*** 10.1 6 2.7*** 0
STZ 1 vehicle 9 28.4 6 3.0 562 6 17 6.1 6 0.2 43.6 6 2.3 1
STZ 1 insulin 8 29.2 6 2.2 215 6 132*** 4.0 6 0.8*** 19.9 6 8.4*** 2
STZ 1 NSI-189 9 29.9 6 2.2 567 6 43 6.3 6 0.7 45.9 6 7.1 1

Type 1: Intervention
Control 1 vehicle 10 31.6 6 2.2*** 118 6 12*** ND ND 0
STZ 1 vehicle 10 25.9 6 2.1 559 6 47 ND ND 0
STZ 1 NSI-189 9 27.5 6 1.7 589 6 16 ND ND 1

Type 2: Prevention
WT 1 vehicle 10 29.6 6 1.7*** 143 6 24** 4.1 6 0.2*** 21.3 6 1.9*** 0
WT 1 NSI-189 10 29.6 6 1.5*** 161 6 20** 4.2 6 0.2*** 21.6 6 1.8*** 0
db/db 1 vehicle 10 62.6 6 7.2 307 6 180 5.7 6 1.4 38.9 6 15.7 0
db/db 1 NSI-189 8 66.2 6 2.9 189 6 19* 5.1 6 0.9 31.8 6 10.0 2

Type 2: Intervention
WT 1 vehicle 10 30.2 6 1.2*** 167 6 9*** ND ND 0
db/db 1 vehicle 10 54.8 6 8.0 439 6 61 ND ND 0
db/db 1 NSI-189 10 55.6 6 5.3 483 6 71 ND ND 0

Data are mean 6 SD. Statistical comparison by one-way ANOVA with the Dunnett post hoc test. ND, not determined. *P , 0.05, **P ,
0.01, ***P , 0.001 vs. vehicle-treated diabetic mice.
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NSI-189 (Fig. 4C), while impaired glucose clearance was
significantly improved by NSI-189 after 25 weeks of di-
abetes (Fig. 4B).

Histological examination of the hippocampus showed
that vehicle-treated db/db mice had significantly (P, 0.01)
reduced CA1 volume (Fig. 4D) and a trend to reduced CA3
volume (Fig. 4E) accompanied by a significantly (P , 0.01)
reduced number of BrdU-positive cells (Fig. 4F). NSI-189
treatment of db/db mice prevented loss of CA1 volume and
increased BrdU-positive cell number, while having no effect
on CA3 volume or any measured parameter of control mice.

At study end, vehicle-treated db/db mice showed mul-
tiple indices of peripheral neuropathy (Fig. 5A–D), all of

which were prevented by NSI-189. While db/db mice
showed no loss of corneal nerve density in the subbasal
nerve plexus compared with control mice, NSI-189 pro-
moted a significant increase in corneal nerve density in the
diabetic mice (P , 0.001 vs. vehicle-treated db/db mice)
(Fig. 5E).

Type 2 Diabetes: Intervention Study
At 16 weeks of age (8 weeks of untreated diabetes), male
db/db mice had developed peripheral neuropathy, as in-
dicated by MNCV slowing (controls 45.1 6 0.9 vs. db/db
34.36 1.2 m/s; P, 0.001 by unpaired t test). Control and
db/db mice were then treated with vehicle or NSI-189

Figure 2—NSI-189 prevents PNS and CNS neuropathy in type 1 diabetic mice. A: Acquisition phase in the Barnes maze (day 5 of training,
week 11 of diabetes and treatment). B: Memory retention (week 15 of diabetes and treatment). C: Short-term memory using the object
recognition test after 16 weeks of diabetes. CA1 volume (D), CA3 volume (E), DG volume (F ), MNCV (G), paw tactile 50% PWT (H), paw
thermal response latency (I), paw IENF density (J), and nerve density in the corneal subbasal plexus (K) after 16 weeks of diabetes and
treatment. C, control mice treated daily with vehicle; S, STZ mice treated daily with vehicle; SI, STZ mice with insulin pellet; SNSI, STZ mice
treated daily with oral NSI-189. Data are mean6 SD. *P, 0.05, **P, 0.01, ***P, 0.001 by one-way ANOVA, followed by the Dunnett post
hoc test (n 5 8–10/group).
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(30 mg/kg/day) for a further 16 weeks. At study end there
was no effect of NSI-189 on elevated body weight and
blood glucose levels of db/dbmice (Table 2). NeuN, PSD95,
and synaptophysin protein levels were significantly de-
creased in the hippocampus of vehicle-treated but not
NSI-189–treated db/db mice (Fig. 6A–C). In contrast,
significantly reduced hippocampal BDNF levels were not
altered by NSI-189 (Fig. 6D). Peripheral neuropathy in
db/db mice, as indicated by MNCV slowing and tactile allo-
dynia, was attenuated by NSI-189 treatment (Fig. 6E–G).
Diabetic mice again showed no reduction in corneal nerve

density, while NSI-189 treatment significantly increased
this parameter (Fig. 6G).

DISCUSSION

Cognitive impairment is associated with reduced hippo-
campal volume in patients and rodents with diabetes
(27–32). In the current study, female type 1 and male
type 2 diabetic mice both showed decreased hippocampal
volume, while measures of neurodegeneration (NeuN pro-
tein), synaptic integrity (PSD95 and synaptophysin pro-
tein), and neurogenesis (BrdU incorporation) were also

Figure 3—NSI-189 ameliorates CNS and PNS neuropathy in type 1 diabetic mice. A: Acquisition phase in the Barnesmaze (day 5 of training,
week 10 of diabetes, week 2 of treatment).B: Memory retention in the Barnesmaze (week 16 of diabetes, week 8 of treatment).C: Short-term
memory using the object recognition test after 16 weeks of diabetes. CA1 (D), CA3 (E), andDG (F ) volume after 16 weeks of diabetes, 8 weeks
of treatment. MNCV (G), paw tactile 50% PWT (H), paw thermal response latency (I), paw IENF density (J), and nerve density of the corneal
subbasal plexus (K) after 16 weeks of diabetes, 8 weeks of treatment. C, control mice treated daily with vehicle; S, STZmice treated daily with
vehicle; SNSI, STZ mice treated daily with oral NSI-189. Data are mean 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001 by one-way ANOVA,
followed by the Dunnett post hoc test, for panels A–F, J, and K. *P , 0.05, **P , 0.01, ***P , 0.001 vs. STZ 1 vehicle mice by repeated-
measures ANOVA, followed by the Dunnett post hoc test, for panels G–I (n 5 9–10/group).
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reduced in the hippocampus of type 2 diabetic mice. Di-
abetic encephalopathy has been attributed to acceleration
of age-related neuronal death, reduced replacement from
the pool of neural progenitor cells (neurogenesis), or
a combination of these processes (33). The reduced num-
ber of BrdU-positive cells in the brain of type 2 diabetic
mice is consistent with prior reports of impaired neuro-
genesis in type 1 and type 2 diabetic mice (34). Protecting
or accelerating neurogenesis and the appropriate insertion
of new cells into neural networks offers a novel approach
to halting or reversing diabetic encephalopathy.

NSI-189 prevents impaired neurogenesis in rodent mod-
els of ischemic stroke and irradiation (16,17). The present
studies demonstrate that reduced neurogenesis was pre-
vented when NSI-189 was given to type 2 diabetic mice
from the onset of diabetes at a dose of 30 mg/kg/day. NSI-
189 also selectively protected hippocampal structure when
given either throughout the period of diabetes (both mod-
els) or following a period of untreated diabetes (30 mg/kg/
day in the type 2 model). The minimal efficacy of the inter-
vention paradigm using 10 mg/kg/day in type 1 diabetic
mice may suggest that higher doses and/or longer durations
of treatment are necessary. Although type 2 diabetic mice
could not be used in behavioral assays of cognitive function
due to obesity that severely limits ambulation, impaired
long-termmemory in type 1 diabetic mice was prevented by
concurrent treatment with NSI-189. Ambulation is not
impaired in type 1 diabetic mice, and they performed similar

to controls during memory acquisition. Protection of long-
term memory by NSI-189 occurred in both prevention and
intervention paradigms, although whether intervention re-
versed established loss of long-term memory or halted
progression remains to be established. Efficacy against
long-term memory was accompanied by protection of
CA1 and DG volume. It is notable that NSI-189 was in-
effective against loss of short-term memory or reduced
hippocampal CA3 volume. This is consistent with distinct
roles of the CA1 and CA3 regions in different aspects of
memory. Both CA1 and CA3 regions contribute to acquisi-
tion of memory, but only the CA1 is required for memory
retrieval (35) and for memory over long intervals (36). The
impact of NSI-189 on memory in diabetic mice may also
result from protection of synaptic organization, as indicated
by protection of pre- and postsynaptic protein levels (syn-
aptophysin and PSD-95, respectively) in the hippocampus
of db/dbmice. This is consistent with reports that long-term
potentiation is impaired in diabetic rodents and that NSI-
189 enhances long-term potentiation in mouse hippocam-
pal slice preparations (18). Bioactivity of NSI-189 requires
protein synthesis (18), and it increases expression of the
neurotrophic factor BDNF by hippocampal cells in culture
(16). Interestingly, BDNF is reduced in the hippocampus
of db/db mice. However, reduced hippocampal BDNF pro-
tein levels in db/db mice were not corrected by NSI-189,
excluding this potential mechanism of action. Nevertheless,
our data show that NSI-189 promotes neurogenesis and

Figure 4—Oral glucose tolerance test in db/dbmice after 8 weeks of diabetes (A) and after 25 weeks of diabetes and treatment (B). C: Blood
glucose levels for db/db mice with NSI-189 treatment starting at onset of diabetes. CA1 (D) and CA3 (E) volume and BrdU-positive cells (F)
counted in the hippocampus after 26 weeks of diabetes and treatment. C, control mice treated daily with vehicle; CNSI, control mice treated
daily with NSI-189; D, db/dbmice treated daily with vehicle; DNSI, db/dbmice treated daily with oral NSI-189. Data aremean6SD. *P, 0.05,
**P, 0.01, ***P, 0.001 against db/db1 vehicle by repeated-measures ANOVA, followed by the Dunnett post hoc test, for panels A–C (n5
8–10/group). *P, 0.05, **P, 0.01, ***P, 0.001 by one-way ANOVA, followed by the Dunnett post hoc test, for panelsD–F (n5 5–10/group).
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ameliorates structural and behavioral indices of diabetic
encephalopathy.

The neurogenic properties of NSI-189 were discovered
using a stable line of human fetal hippocampal neural stem
cells, and exploration of the properties of NSI-189 has been
restricted to CNS-derived cells and brain disorders (16–20).
Our finding that NSI-189 enhanced neurite outgrowth in
adult sensory neuron cultures extends the known cellular
actions of this molecule to promoting regenerative growth
of PNS axons. Stimulation of neurite growth is consistent
with a prior report that NSI-189 increased hippocampal
MAP2 expression (16), asMAP2 stabilizes microtubules and
assists neurite elongation. Moreover, enhanced neurite
extension by adult sensory diabetic neuron cultures was
accompanied by stimulation of mitochondrial maximal re-
spiratory capacity. A recent report that NSI-189 promotes
Akt pathway signaling (18) is consistent with enhancement
of mitochondrial respiration of adult sensory neurons, as
signaling through Akt is involved in increasedmitochondrial
function and neurite outgrowth when these cells are ex-
posed to NT-3, insulin, or IGF-1 (37,38). Stimulation of
mitochondrial respiration by NSI-189 therefore has the
potential to serve as the mechanism driving neurite growth
in peripheral sensory neurons.

We previously used adult sensory neuron cultures to
identify biological actions of molecules in peripheral neu-
rons (21,39–41). Enhancement of mitochondrial energetics
and neurite outgrowth in this system predicted the neuro-
protective efficacy of guaifenesin, resveratrol, and musca-
rinic antagonists in multiple animal models of peripheral
neuropathy (21,39,41). The similar in vitro profile of NSI-189

prompted us to assess efficacy of NSI-189 against indices of
peripheral neuropathy in mouse models of type 1 and type
2 diabetes. Use of 10 mg/kg/day NSI-189 from the onset of
diabetes gave partial protection against indices of large fiber
motor (MNCV) and sensory (tactile allodynia) neuropathy
and also attenuated functional (thermal hypoalgesia) and
structural (reduced IENF and corneal nerve density) mea-
sures of small sensory fiber neuropathy. Efficacy was similar
to that of insulin, which, in addition to glucose regulation, is
a direct neurotrophic factor for sensory neurons (40). The
ability of NSI-189 to protect sensory fiber density in the
skin and cornea is particularly striking and consistent with
its capacity to enhance neurite outgrowth in vitro. Efficacy
across multiple manifestations of peripheral neuropathy
suggests a fundamental neuroprotective mechanism dis-
tinct from the actions of individual neurotrophic factors,
which tend to be fiber-type specific (42). Enhancement of
mitochondrial function, as detected in diabetic sensory
neurons in vitro, may offer this fundamental mechanism,
although we do not yet have confirmation that NSI-189
impacted mitochondria in vivo. Importantly, efficacy was
also noted whenNSI-189was delivered only after functional
indices of neuropathy were established. This may have
clinical implications, as a therapy that halts and/or reverses
neuropathy is more desirable than one that requires pro-
phylactic use.

Following guidance from pharmacokinetics data, we
increased the dose of NSI-189 to 30 mg/kg/day when
extending studies into a model of type 2 diabetes. Efficacy
was again detected against multiple indices of peripheral
neuropathy in both prevention and intervention treatment

Figure 5—NSI-189 prevents peripheral neuropathy in db/dbmice. MNCV (A), paw tactile 50%PWT (B), paw thermal response latency (C), paw
IENF density (D), and corneal subbasal nerve plexus density (E) after 26 weeks of diabetes and treatment. C, control mice treated daily with
vehicle; CNSI, controlmice treated daily with NSI-189; D,db/dbmice treated daily with vehicle; DNSI: db/dbmice treated daily with oral NSI-189.
Data are mean 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001 by one-way ANOVA, followed by the Dunnett post hoc test (n 5 8–10/group).
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Figure 6—NSI-189 ameliorates CNS and PNS neuropathy in db/dbmice. Hippocampal NeuN (A), PSD95 (B), synaptophysin (C), and BDNF
(D) protein levels, and MNCV (E ), paw tactile 50% PWT (F ), and corneal subbasal plexus nerve length (G) after 24 weeks of diabetes, with
NSI treatment for the last 16 weeks. C, control mice treated daily with vehicle; D, db/db mice treated daily with vehicle; DNSI, db/db mice
treated daily with oral NSI-189. Data are mean6 SD. *P, 0.05, **P, 0.01, ***P, 0.001 by one-way ANOVA, followed by the Dunnett post
hoc test (n 5 8–10/group).
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paradigms and was generally more effective than 10
mg/kg/day in the type 1 diabetes model. Dose-efficacy studies
are warranted to establish whether this is a dose- or model-
related phenomenon. Corneal nerve density was lower in
control C57BLKS mice than in control Swiss Webster mice,
reflecting known between-strain differences (43,44). It is
notable that db/db mice did not show loss of sensory
nerves in the corneal subbasal nerve plexus. This finding
was apparent in two separate studies using two different
methods of corneal nerve quantification. There are mul-
tiple reports of corneal nerve depletion in rodent models of
type 1 diabetes (13,45,46) and also in a model of type
2 diabetes produced by a high-fat diet to promote insulin
resistance combined with low-dose STZ to reduce insulin
levels (47). As corneal nerve loss is prevented by topical
insulin in type 1 diabetic mice (45), it is plausible that the
extreme hyperinsulinemia of db/db mice is sufficient to
protect corneal nerves or promote sprouting from surviv-
ing fibers. The low inherent corneal nerve density of
C57BLKS mice could also contribute to failure to detect
loss, although there is diabetes-induced loss in C57Bl/6J
mice (46). Interestingly, NSI-189 treatment increased
corneal nerve density in diabetic but not control mice,
suggesting efficacy in the presence of other growth-
promoting agents such as glucose and/or insulin.

The unanticipated acceleration of the late-stage disease
phenotype of db/db mice, with progressive attenuation of
hyperglycemia, could complicate interpretation of the ther-
apeutic effects of NSI-189, as it may be argued that they are
secondary to glucose regulation. However, attenuation of
hyperglycemia was not observed in the intervention study
using similarly aged db/db mice, while positive effects of
NSI-189 were also detected in type 1 diabetic mice without
impacting hyperglycemia. While we cannot yet explain why
NSI-189 may have accelerated the late-stage disease phe-
notype in one study of db/dbmice, the effects of NSI-189 on
PNS and CNS disorders across all studies are not consis-
tently associated with restoration of normoglycemia.

The pathogenesis of diabetic neuropathy and enceph-
alopathy likely involves multiple pathways downstream of
both hyperglycemia and loss of insulin/neurotrophic sup-
port (10,48,49). This complexity presents a challenge for
developing therapies to augment the current standard of
care (50), and polypharmaceutical approaches have been
suggested as being necessary to intervene against this
plethora of pathogenic pathways. NSI-189 offers the op-
portunity for development of a single therapeutic agent
against multiple indices of central and peripheral neurop-
athy that is effective in both sexes and both forms of
diabetes. These are desired properties in a molecule that,
because of its advanced stage of development against other
diseases (19,20), has the potential for rapid translation to
clinical testing in patients with diabetes.
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