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Intranasal deferoxamine improves performance in radial arm
water maze, stabilizes HIF-1a, and phosphorylates GSK3b
in P301L tau transgenic mice
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Abstract Deferoxamine (DFO), a metal chelator, has

been previously reported to slow the loss of spatial memory

in a mouse model of amyloid accumulation when delivered

intranasally (IN). In this study, we determined whether IN

DFO also has beneficial effects in the P301L mouse, which

accumulates hyperphosphorylated tau. Mice were intrana-

sally treated three times per week with either 10 % DFO

(2.4 mg) or saline for 5 months, and a battery of behavioral

tests were conducted before tissue collection and bio-

chemical analyses of brain tissue with Western blot and

ELISA. Wild-type (WT) mice statistically outperformed

transgenic (TG) saline mice in the radial arm water maze,

while performance of TG-DFO mice was not different than

WT mice, suggesting improved performance in the radial

arm water maze. Other behavioral changes were not evi-

dent. Beneficial changes in brain biochemistry were evi-

dent in DFO-treated mice for several proteins. The TG

mice had significantly less pGSK3b and HIF-1a, with more

interleukin-1b and total protein oxidation than wild-type

controls, and for each protein, DFO treatment significantly

reduced these differences. There was not a significant

decrease in phosphorylated tau in brain tissue of DFO-

treated mice at the sites we measured. These data suggest

that IN DFO is a potential treatment not only for Alzhei-

mer’s disease, but also for other neurodegenerative dis-

eases and psychiatric disorders in which GSK3b and HIF-

1a play a prominent role.
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Introduction

Dysregulation of metals in neurodegenerative disease is

well established, and chelation therapy has been suggested

as a possible treatment (Bandyopadhyay et al. 2010).

Deferoxamine (DFO), a metal chelator commonly used for

the treatment of iron-overload, is a good option because it

not only chelates metals, but it has also been shown to

influence some of the other pathways involved in the

pathogenesis of Alzheimer’s disease (AD). For example,

DFO stabilizes hypoxia inducible factor-1a (HIF-1a),

which leads to increased utilization of insulin in rat liver

cells (Schubert et al. 2009; Soucek et al. 2003). This is

relevant because insulin utilization has been shown to be

decreased in the brains of patients with AD (Hallschmid

and Schultes 2009). HIF-1a also increases glycolysis and

the associated hexose monophosphate shunt pathway,

which increases levels of glutathione and other reducing

agents that diminish oxidative damage that is increased

with AD (Dongiovanni et al. 2008; Semenza et al. 1994).

Further, DFO leads to the phosphorylation and subsequent

inactivation of GSK3b in bone tissue (Qu et al. 2008),

which is important because dysregulation of GSK3b has

been suggested as one of the main culprits in the devel-

opment of AD (Hooper et al. 2008; Qu et al. 2008). Spe-

cifically, GSK3b has been shown to phosphorylate
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microtubule associated protein tau, which forms neurofi-

brillary tangles and to augment production of Ab (Hooper

et al. 2008). Finally, DFO has been shown in postnatal rat

dorsal root ganglion cells to increase neurite outgrowth and

synapse formation, which may also be beneficial in the AD

brain (Nowicki et al. 2009).

DFO was tested in a single clinical trial in patients with

AD in the early 1990s (Crapper McLachlan et al. 1991).

Twice daily intramuscular (IM) injections significantly

slowed decline of daily living skills by 50 % over 2 years.

However, the IM injections were painful and side effects

included loss of appetite and weight. Intranasal (IN)

administration is an alternative to IM injections that targets

DFO, which has a short half-life in blood, directly to the

central nervous system (CNS) (Hanson et al. 2009; Dhuria

et al. 2010; Peters et al. 1966). Drugs administered IN

travel extracellularly along the olfactory and trigeminal

nerves to gain direct access to the CNS, bypassing the

blood–brain barrier and minimizing systemic exposure

(Dhuria et al. 2010; Jogani et al. 2008). Delivery to the

CNS following intranasal administration of a variety of

drugs and biopharmaceuticals of differing size and struc-

ture has been demonstrated in rodents, primates, and

humans (Dhuria et al. 2009; Craft et al. 2011; Thorne et al.

2008). Recently, IN DFO treatment of APP/PS1 mice was

shown to improve performance in the Morris water maze

test of spatial memory, although the mechanism of action is

unclear (Hanson et al. 2012).

In the current study, we determined whether IN DFO

would decrease loss of memory in the P301L mouse, which

accumulates hyperphosphorylated tau, and how the treat-

ment might affect AD neuropathology. DFO is a good can-

didate to decrease memory loss in these mice both because of

the ability of DFO to inactivate GSK3b, which hyper-

phosphorylates tau (Deng et al. 2009), and because IM DFO

was shown to decrease neurofibrillary aggregation in a rabbit

model of tauopathy (Savory et al. 1998). We found that IN

DFO decreased loss of working memory as measured in the

radial arm water maze, and lead to increases in HIF-1a and

pGSK3b. These results further demonstrate the potential of

DFO as a treatment not only for Alzheimer’s disease, but

other neurodegenerative diseases and psychiatric disorders

for which GSK3b and HIF-1a play a prominent role.

Methods

Animal care and treatment

A total of 42 mice were purchased from Taconic Farms,

Inc. (Germantown, NY). For chronic dosing and behavior

tests, 28 transgenic (TG) tau mice at 7–8 weeks of age were

used (Stock Tg(Prnp-MAPT*P301L)JNPL3Hlmc; model

002508-M–M), which were derived from a C57BL/6, DBA/

2, SW mixed background. Fourteen wild-type (WT) controls

at 8 weeks of age were also used for behavior (model

001638-W-M). Mice were individually housed and had

continuous access to rodent chow and water during a 12-hour

light/dark cycle. Behavioral testing and dosing was per-

formed only during the day portion of the circadian cycle. All

procedures were approved by the Animal Care and Use

Committee of HealthPartners Research Foundation at

Regions Hospital under protocol #05-097.

Experimental design

Mice were divided into three treatment groups of 14 each:

1) TG mice treated with IN DFO (TG-DFO), 2) TG mice

treated with IN phosphate-buffered saline (TG-PBS), and

3) WT mice treated with IN PBS (WT-PBS). Mice were

acclimated to handling over a period of 3 weeks and then

treated intranasally every Monday, Wednesday, and Friday

starting at 11 weeks of age. Behavior tests started at

32 weeks of age. Dosing continued during the 5 weeks of

behavior tests. After behavior tests, mice were dosed a final

time, and 24 h later, euthanized and tissues collected for

biochemical analyses.

Drug treatment and dosing

Deferoxamine mesylate salt was purchased from Sigma

(D9533; St. Louis, MO) and was delivered as a 10 %

solution in 0.29 PBS (Sigma; P5493) at a pH of 6.0. The

vehicle consisted of 0.29 PBS without DFO. For intranasal

delivery, after 3 weeks of acclimation to handling,

unanesthetized mice were gripped by the skin of their

necks and held gently, but firmly, upside down in the palm

of the hand. A 20-ll pipettor was used to administer four

6-ll nose drops (alternating nares; 24 ll total; 2.4 mg

DFO) to each mouse. Each mouse was released for 2-min.

intervals between each pair of nasal drops as described in

Hanson et al. (2004).

Behavioral assessment

Over a 5-week period, mice were subjected to a battery of

behavior tests to determine their cognitive, anxiolytic, and

sensorimotor functions in the order described. All dry

mazes were cleaned with a vinegar/water mixture between

each mouse.

Morris water maze (MWM; hidden platform, probe,

visual platform)

The MWM was performed in a round, flat-bottomed,

black plastic tub (Polytank Inc., Litchfield, MN). The
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diameter at the surface of the water was 108 cm. Water

was maintained at room temperature. Nontoxic white

paint was added to obscure the hidden platform. Drop

points 1, 2, 3, and 4 were located starting at the observer’s

left and were distributed clockwise every quarter of the

tank, respectively. The platform was a clear, plastic

square measuring 9 9 9 cm placed 1 cm below the sur-

face of the water. Tests with hidden platform were per-

formed in eight successive blocks at two blocks/day

(M-T-W–Th). Each block consisted of four trials of up to

60 s (with 20 s between trials to sit on the platform). Each

trial consisted of a drop at one of the four drop points.

Mice that did not reach the platform after 60 s were

guided to the platform, which remained at the same

location. For the probe test Friday, the hidden platform

was removed and mice were allowed to swim in the maze

for 1 min. The percent time in each quadrant was mea-

sured. After the probe, there was a visual platform test to

determine visual ability that was the same as the hidden

platform test, except the platform was striped, had a small

flag, and remained visible above the surface. Data was

digitally acquired with an overhead camera connected to a

DVD recorder. Escape latency was recorded with a timer.

For probe tests, the percent time spent in the quadrant

with the platform was analyzed. For hidden platform tests,

the four trials were averaged for each block.

Open field test

Open field test was used to assess levels of activity and

exploration. The open field was a white square open-top

box measuring 85 cm (length) 9 77 cm (width) 9 28 cm

(height). Each mouse was placed in the center of the box

and allowed to explore for 5 min. Data were digitally

acquired with an overhead camera connected to a DVD

recorder. Using EthoVision tracking system (Version 3.1;

Noldus, Leesburg, VA, USA), the area of the box floor was

divided into 16 boxes of equal size and the total number of

line crossings was recorded.

Elevated plus maze

To assess anxiety, this maze was white and had four arms

(each measuring 30 9 5 cm) in a plus (?) shape, sur-

rounding a central area of 5 9 5 cm, elevated 76 cm. Two

opposing arms were open, while the other arms had walls at

a height of 16 cm. One trial per mouse was performed in

which the mouse was placed in the center of the maze and

allowed to explore for 5 min. Trials were recorded with an

overhead camera and analyzed with the Ethovision soft-

ware. The amount of time in open and closed arms was

measured.

Y-maze

Y-maze was used to assess basic activity (total arm entries)

and mnemonic function (percent alternation). Mice were

tested in a white maze with three arms that measured

29 cm (length) 9 5 cm (width) 9 15 cm (height). Each

mouse was placed in the center of the maze and allowed to

explore for 5 min. Trials were recorded with an overhead

camera and analyzed manually by counting arm entries and

their sequence. Percent alternation was expressed as the

ratio of arm entries differing from the previous two choices

divided by the number of opportunities to make an alter-

nate arm entry from the previous two.

Rotarod

Motor coordination was measured using a rotarod (IITC

Life Systems, Woodland Hills, CA). Mice were given three

trials of up to 120 s on a rotating rod that started at 10 rpm

and accelerated to 22 rpm over 30 s. The inter-trial interval

was 3 min. Time to fall from the rod was measured, and the

highest score for each mouse was recorded and averaged

for each group.

Radial arm water maze (RAWM)

To assess working memory, the same tank and setup were

used as for MWM except that inserts were included to

divide the maze into six radially arranged arms. Arms were

41 9 15 cm, and walls extended 5.5 cm above the water

surface. For 12 successive days of testing, each mouse was

assessed in four successive acquisition trials and a fifth

retention trial 30 min later. The last acquisition trial (T4)

and the retention trial (T5) are considered the index of

working memory. A clear platform (6.4 9 6.4 cm) was

submerged 1 cm at the end of one of the arms. Platform

location was changed for each of the 12 days. The start

arms for each of the acquisition trials (T1–T4), and the

retention trial (T5) were selected in a semi-random

sequence from swim arms lacking the platform. For each

trial, the mouse was placed at the end of the selected swim

arm, facing the wall of the pool. Each trial was continued

for up to 60 s or until the mouse located the platform.

During the trial, each mouse was allowed to leave the drop

arm to search for the platform. An error was recorded when

the mouse entered any of the five arms not containing the

platform, or failed to make an arm choice within 20 s.

Following each error, the mouse was returned to the start

arm and allowed to continue. Once the mouse located the

platform, it was allowed to stay on for 20 s. If the mouse

failed to locate the platform after 60 s, it was placed on the

platform and allowed to stay for 20 s. Along with the

number of errors made per trial, the escape latency of
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finding the hidden platform was recorded. After completion

of the acquisition trials (T1–T4), the mouse was returned to

its cage for 30 min, after which it was returned to the pool

for the retention trial (T5).

Optomotor visual test

Optomotor was used as a second, more sensitive test to

assess vision. The optomotor device consisted of a free-

rotating cylinder (height 43 cm, diameter 23 cm) with

black and white vertical stripes of equal width (3/4 cm)

lining the inner wall. The mouse was placed on a stationary

platform (6 9 6 cm, elevated 10 cm) in the center and

monitored by an overhead video camera as the cylinder

was rotated clockwise at 2 rpm for 2 min. Visual acuity

was measured by the frequency of ‘‘head turns’’ as an

indicator of the mouse recognizing contrast and following

it in motion. A head turn was defined as a sweeping head

motion of at least 15-degrees at pace with the rotating

cylinder, as in (Thaung et al. 2002).

Euthanasia and tissue collection

Mice were euthanized by CO2 asphyxiation followed by

immediate decapitation. Blood was processed with a serum

separator tube (BD Microtainer, Franklin Lakes, NJ), and

serum was snap-frozen in liquid nitrogen. The brain was

removed from the skull. Olfactory bulbs and cerebellum

were discarded, the brain was hemisected sagitally, each

half was snap-frozen in liquid nitrogen, and the tubes were

stored at -70 �C until biochemical analysis.

Protein extraction

Frozen brain tissues were homogenized in 5 volumes of

ice-cold RIPA buffer (50 mM Tris–HCl, pH 7.4, 150 mM

NaCl, 2 mM EDTA, 1 % Sodium Deoxycholate, 1 % NP-

40, 0.1 % SDS) supplemented with protease inhibitor

cocktail (Roche, Boulder, CO) and phosphatase inhibitor

cocktail (Sigma, St. Louis, MO). Homogenates were cen-

trifuged at 20,0009g for 20 min at 4 �C. Supernatant was

stored at -70 �C until analysis by western blot and ELISA.

Western blot analysis

Protein concentrations were determined using the BCA (bi-

cinchoninic acid) method. Equal amounts of total protein

(50ug for HIF-1alpha and 25ug for all other protein targets)

were diluted in Laemmli buffer, separated by SDS-PAGE,

and transferred to PVDF membranes (Millipore, Billerica,

MA, USA). The membranes were blocked with 5 % dry milk

in Tris-buffered saline/0.1 % Tween (TBS-T) overnight at

4 �C on a shaking platform. Membranes were then incubated

for 1 h with one of the following antibodies in TBS-T:

phospho-GSK-3b (Ser9) rabbit antibody (#9336, Cell Sig-

naling Technology, Beverly, MA, USA), GSK-3b (27C10)

rabbit monoclonal antibody (#9315, Cell Signaling Tech.),

HIF-1a rabbit polyclonal antibody (NB100-479, Novus Bio-

logicals, Littleton, CO), GLUT1 rabbit polyclonal antibody

(ab652, Abcam, Cambridge, MA, USA), b-catenin E-5

(sc-7963, Santa Cruz Biotechnology, Santa Cruz, CA, USA),

p-Tau (Ser 262) (sc-101813, Santa Cruz Biotech.), p-Tau AT8

(Ser202/Thr205) (MN1020), p-Tau AT100 (Ser212/Thr214)

(MN1060), or human Tau HT7 (MN1000, Thermo Scientific,

Rockford, IL, USA). Rabbit anti-actin polyclonal antibody

was detected on all blots as a loading control (NB600-532,

Novus Biologicals). Membranes were rinsed in TBS-T and

then incubated in either anti-rabbit or anti-mouse IgG con-

jugated to horseradish peroxidase (#7074, #7076, Cell Sig-

naling Tech.) in TBS-T with 5 % dry milk for 1 h. Enhanced

Chemiluminescence Plus Western blotting detection reagent

(GE Healthcare, Buckinghamshire, UK) was used to visualize

peroxidase enzymatic activity on X-ray film. Exposed films

were quantified using Image J software provided by the

National Institutes of Health (Bethesda, MD, USA). Protein

oxidation was measured using an Oxyblot Protein Oxidation

detection kit (S1750; Millipore, Billerica, MA, USA).

ELISA

Interleukin-1b (IL-1b) in the brain was measured using a

commercially available ELISA kit (MLB00B; R&D Sys-

tems, Minneapolis, MN) according to the manufacturer’s

instructions.

Statistical analyses

Analyses for behavioral tests included parametric and non-

parametric analyses. Non-parametric analysis was used for

tests that included a truncation effect, which violated

assumptions of normality; these included MWM visual

platform and probe, rotarod, and RAWM escape latency.

For comparisons of all three treatment groups, ANOVA

with Fisher’s LSD post-test (parametric) or Kruskal–Wallis

with Dunn’s post-test (non-parametric) was used. Repeated

measures ANOVA was used for hidden platform tests in

MWM. For all biochemical tests, t tests or ANOVAs were

used to compare treatment groups.

Results

General health

During the course of the study, two mice in the TG-PBS

group died of natural causes before the appointed sacrifice
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time at 8.5 months of age. There were no significant dif-

ferences in average weight for each treatment group at the

time of sacrifice. Average weight (±SEM) was 42.4 ±

1.4 g for WT-PBS mice, 42.7 ± 1.4 g for TG-DFO mice,

and 41.5 ± 1.4 g for TG-PBS mice. No obvious physical

differences were observed between groups.

Memory tests

In the RAWM, WT-PBS mice had significantly shorter

escape latencies than TG-PBS mice in trials four and five

of blocks three and four (p \ 0.05; Fig. 1a), but not sig-

nificantly shorter than TG-DFO. This result was the same

in trials four and five of block four for number of errors

(p \ 0.05; Fig. 1b). There were no significant differences

in blocks one and two (data not shown).

For hidden platform tests in MWM, WT-PBS mice had

shorter escape latencies than both groups of TG mice when

analyzed with a repeated measures ANOVA (p \ 0.05)

(Fig. 2). There were no differences between the two

groups of TG mice. When compared with a Chi-square test,

WT-PBS mice had significantly fewer trials that took 60 s

to find the platform (7) than TG-DFO (32) and TG-PBS

(41) (p \ 0.05). For probe tests in MWM, there were no

statistical differences between groups. The average percent

time (±SEM) in the target quadrant was 38.5 ± 4.2 for

WT-PBS, 37.5 ± 4.1 for TG-PBS, and 30.6 ± 3.8 for TG-

DFO. There were no significant differences between

groups for velocity in the MWM.

There were no statistically significant differences

between groups for arm entries or percent arm alternations in

the Y-maze. Average arm entries (±SEM) were 16.8 ± 1.2

for WT-PBS, 14.4 ± 1.6 for TG-DFO, and 17 ± 1.1 for TG-

PBS. Percent alternations (±SEM) were 55.1 ± 2.9 for WT-

PBS, 53.1 ± 5.6 for TG-DFO, and 52.6 ± 4.7 for TG-PBS.

Visual tests

For visual platform tests in the MWM, WT-PBS mice had

significantly shorter escape latencies than TG-DFO (20.3 ±

2.6) and TG-PBS (20.2 ± 2.6) (p \ 0.05) (Fig. 3a). For

optomotor test, WT-PBS mice had significantly more head

turns than both TG groups (p \ 0.05) (Fig. 3b). Average

head turns (±SEM) were 8.8 ± 1.9 for WT-PBS, 3.3 ± 1.2

for TG-PBS, and 3.8 ± 1.0 for TG-DFO.

Exploratory and anxiolytic tests

In the open field maze, there were no significant differ-

ences in line crossings between the three treatment groups

(p = 0.30). Total line crossings (±SEM) were 80.9 ± 6.5

for WT-PBS, 98.0 ± 9.2 for TG-DFO, and 83.6 ± 9.4 for

TG-PBS. In the elevated plus maze, there were no statis-

tically significant differences in any groups for time spent

in open arms (p = 0.87). Seconds spent in open arms for

B

A

Fig. 1 Radial arm water maze data from blocks 3 and 4 for a escape

latency and b errors. TG mice are P301L dosed with IN DFO or PBS

for 4 mo. (n = 12–14 mice/group). Blocks 3 and 4 are an average of

days 7–9 and 10–12, respectively. Data for trials 1, 4, and 5 are

shown. Asterisks on trials 4 and 5 represent significant differences

among the three groups (*p \ 0.05). In each case, the difference was

between WT-PBS and TG-PBS but not between WT-PBS and TG-

DFO, indicating that DFO-treated mice performed as well as WT

mice. TG transgenic, IN intranasal, DFO deferoxamine, WT wild type,

PBS phosphate-buffered saline

Fig. 2 Hidden platform trials in Morris water maze. TG mice are

P301L dosed with IN DFO or PBS for 4 mo. (n = 12–14 mice/

group). WT-PBS mice had shorter escape latencies than both drug-

and vehicle-treated TG mice with repeated measures ANOVA

(*p \ 0.05), indicating a strong transgenic effect. Error bars are

SEM. TG transgenic, IN intranasal, DFO deferoxamine, WT wild

type, PBS phosphate-buffered saline, SEM standard error of the mean

Exp Brain Res (2012) 219:381–390 385
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WT-PBS was 19.5 ± 11.7 s, for TG-DFO it was 15.3 ± 3.3 s,

and for TG-PBS it was 16.2 ± 5.0 s.

Motor function

On the rotarod, there was no statistical difference between

treatment groups (p = 0.31). Average time (sec) spent on

rod (±SEM) was 30.6 ± 6.9 for WT-PBS, 32.6 ± 5.4 for

TG-DFO, and 50.6 ± 10.8 for TG-PBS.

Tau

Phosphorylated tau was easily measured in both treatment

groups of P301L mice, but was not detectable in the WT-

PBS mice. Within the TG groups, there was no statistical

difference between the TG treatment groups for either total

tau or the phosphorylated isoforms of tau recognized by

p-Tau (ser262; ptau/total tau for TG-PBS = 0.2, TG-

DFO = 0.18), AT8 (Ser202/Thr205; TG-PBS = 6,566 ±

3,934, TG-DFO = 6,363 ± 4,018), or AT100 (Ser212/

Thr214; TG-PBS = 6,481 ± 2,854, TG-DFO = 6,973 ±

4,833), (p [ 0.05, t tests).

GSK3b and b-catenin

The P301L mice had lower levels of pGSK3b and IN DFO

treatment restored normal levels. TG-PBS mice had sig-

nificantly less pGSK3b than both WT-PBS (45 % less) and

TG-DFO mice (49 % less) (p \ 0.05; Fig. 4a). There was

no difference between the WT-PBS and TG-DFO groups.

The same relationships were seen when analyzing the ratio

of pGSK3b/total GSK3b (Fig. 4b). There were no signifi-

cant differences among groups for total GSK (data not

shown) or b-catenin (p [ 0.05; Fig. 4c).

HIF-1a and GLUT1

The P301L mice had lower levels of HIF-1a and IN DFO

treatment restored normal levels. TG-PBS mice had sig-

nificantly less HIF-1a than both WT-PBS (20 % less) and

TG-DFO mice (32 % less) (p \ 0.05) (Fig. 4d). There was

no difference between WT-PBS and TG-DFO mice. There

was also an increase in GLUT1 in both groups of TG mice,

and this increase was significant for the TG-PBS mice

(Fig. 4e).

Oxidation and inflammation

The P301L mice had higher levels of inflammation and

protein oxidation and IN DFO treatment restored normal

levels. TG-PBS mice had significantly more protein oxi-

dation than both WT-PBS (43 % more) and TG-DFO mice

(33 % more) (p \ 0.05) (Fig. 4f). There was no difference

in protein oxidation between the WT-PBS and TG-DFO

groups. Levels of IL-1b were highest in the TG-PBS model

where they measured 43.7 (±3.0 SEM) pg/g brain tissue;

levels were lower (though not significantly) in WT-PBS

mice at 34.3 (±4.0 SEM) pg/g, and significantly lower in

the TG-DFO mice at 28.0 (±3.9 SEM) (p \ 0.05).

Discussion

Intranasal DFO treatment of the P301L mouse model of

tauopathy improved performance in the radial arm water

maze, increased phosphorylated GSK3b, stabilized HIF-1a,

and decreased inflammation and protein oxidation. IN DFO

was safe and well tolerated as evidenced by no change in

body weight and no death in the DFO-treated group. These

data demonstrate that the biochemical effects of DFO

previously seen in in vitro experiments occurred in brain

tissue in vivo when delivered intranasally. While a change

in total or hyperphosphorylated tau was not observed,

which was expected with the decreased activity of GSK3b,

these data suggest that IN DFO has potential as a treatment

for AD through the stabilization of HIF-1a and decrease in

A

B

Fig. 3 Visual ability of mice in this study as measured by visual

platform test in Morris water maze (a) and optomotor task (b). TG mice

are P301L dosed with IN DFO or PBS for 4 mo. (n = 12–14 mice/

group). For visual platform test, escape latencies were significantly

shorter for WT-PBS than for both groups of TG mice (*p \ 0.05),

indicating impaired vision. For optomotor task, sweeping head turns of

15� were measured for 2 min WT-PBS mice had significantly more

head turns than both groups of TG mice (*p \ 0.05), indicating

impaired visual ability for TG mice. Error bars are SEM. TG
transgenic, IN intranasal, DFO deferoxamine, WT wild type, PBS
phosphate-buffered saline, SEM standard error of the mean
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inflammation and protein oxidation. IN DFO is also a

potential treatment of other neurodegenerative and psy-

chiatric disorders with dysregulation of GSK3b, for

example, Huntington’s disease or schizophrenia (Aghdam

and Barger 2007; Hur and Zhou 2010).

This study yielded several novel observations using the

P301L mouse model of tauopathy. First, we were able to

observe a behavioral deficit in a single behavioral task, the

radial arm water maze. A behavioral deficiency was seen in

this same model previously (Arendash et al. 2004), but in

that study, the behavioral deficiency was observed as a

result of a multi-metric analysis of several behavioral

assays with a discriminant function analysis. Also, we

performed a behavioral task to specifically measure visual

ability, the optomotor task, which is free of confounding

cognitive elements (whereas visual platform tests in the

Morris water maze are not). This task clearly demonstrated

that P301L mice had impaired vision. Several biochemical

changes in the brains of the TG model were observed that

had not been previously reported. These included

decreased levels of pGSK3b and the ratio of pGSK3b/

GSK3b, a decrease in HIF1a, increased levels of GLUT1,

and increased levels of oxidative damage and inflammation

as measured by oxyblot and IL-1B, respectively.

Although there were visual impairments in P301L mice,

there was still a significant drug effect of IN DFO when

A

B

C

D

E

F

Fig. 4 Representative blots and

histograms for proteins

analzyed by Western blot. TG

mice are P301L dosed with IN

DFO or PBS for 4 mo.

(n = 12–14 mice/group).

a pGSK3b, b pGSK3b/GSK3b,

c b-catenin d HIF-1a, e GLUT1,

and f Oxyblot. For oxyblot,

carbonyl groups introduced into

proteins by oxidative reactions

were derivatized to 2,4-

Dinitropheylhydrazone (DNP),

and the DNP was quantified.

Blots are representative of each

treatment group, while

histograms are percent of

change from WT-PBS mice.

Error bars are SEM converted

from the raw data to percentages

and are only shown to help

visualize differences.

Statistically significant

differences between groups as

measured by ANOVA with

Fisher’s LSD post-test are

represented with an asterisk
(*p \ 0.05) and were performed

on the raw data as optical

density, not from percent

changes. TG transgenic, IN
intranasal, DFO deferoxamine,

WT wild type, PBS phosphate-

buffered saline, SEM standard

error of the mean
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tested in the radial arm water maze. The decreased visual

ability was first observed in the Morris water maze visual

platform test, which prompted the use of the more rigorous

optomotor test. Optomotor data confirmed visual impair-

ment in both treatment groups of TG mice. However, the

fact that these mice improved performance in the radial

arm water maze from Trial 1 to Trial 4 on a daily basis

showed that although vision was compromised, the mice

were not completely blind. Similarly, mice routinely found

the platform within the 60 s period given for trials. Visual

problems with this mouse model were also observed in

other attempts to quantify behavioral activity (Arendash

et al. 2004). The improvement in performance in the

RAWM due to DFO treatment could be considered rela-

tively weak, as the significant difference was between the

WT-PBS and TG-PBS groups, but not the TG-PBS and

TG-DFO groups. Although drug differences were noted in

the radial arm water maze and visual tests, there were no

other statistically significant differences with any of the

other behavior tests. The strong transgenic effect observed

in the Morris water maze is highly likely due to the com-

promised visual ability in the TG mice. In the future,

olfactory-based memory tests such as a novel odor recog-

nition task might be more appropriate for this mouse

model, or having the mice tested for the rd1 gene, which is

now available for commercially purchased transgenic mice

(Garcia et al. 2004).

The transgenic mice had higher levels of GSK3b
activity than wild-type controls, and this activity was

restored to normal levels by IN DFO treatment. Decreased

activity of GSK3b with DFO treatment was also seen

previously using in vitro studies with osteoblasts (Qu et al.

2008), and with in vitro studies of another metal chelator,

M30 (Avramovich-Tirosh et al. 2010). The demonstration

that IN DFO affects GSK3b activity in vivo is important as

GSK3b has been implicated in contributing to several of

the neuropathologies of AD (Hooper et al. 2008), as well as

in playing a role in frontotemporal dementia, other neu-

rodegenerative disorders, and psychiatric conditions such

as schizophrenia, autism, and depression (Hur and Zhou

2010; Aghdam and Barger 2007). The decreased activity of

GSK3b might also have been expected to lead to a decrease

in hyperphosphorylated tau, for which the link is now well

established (Lucas et al. 2001; Terwel et al. 2008). How-

ever, this did not occur in this study and there are several

possibilities why this may be the case. Hyperphosphory-

lation of tau is a complicated process that depends on the

animal model, the order of phosphorylation sites, pre-

phosphorylation at certain sites that affect others, and pre-

phosphorylation with other kinases such as protein kinase

A or CK-1 (Munoz-Montano et al. 1997; Wang et al. 1998;

Bertrand et al. 2010). Further, it is possible that the timing

of DFO dose and the timing of protein turnover may

explain the lack of change in pTau. Although we did not

detect changes in ptau in this study, it is still possible that

there were changes we did not detect. Much like with tau,

the decreased activity of GSK3b might have led to an

associated increase in b-catenin, as GSK3b will phos-

phorylate b-catenin to destabilize it in the absence of the

Wnt signaling pathway, but this did not occur in our study

(Liu et al. 2005). A similar lack of a change in b-catenin in

the presence of a change in GSK3b has been previously

observed in cell lines created lacking GSK3b that had

normal levels of b-catenin (Doble et al. 2007).

This is the first report that treatment with IN DFO leads

to an in vivo increase in brain levels of HIF-1a. It is well

established that DFO stabilizes HIF-1a by binding iron,

which is a co-factor for prolyl hydroxylase, the enzyme

responsible for breakdown of HIF (Dongiovanni et al.

2008; Schubert et al. 2009). The fact the DFO modulates

HIF-1a is important because HIF-1a works as a transcrip-

tion factor that binds to conserved regulatory sequences in

the promoter of several target genes, many of which may

play a role in neuroprotection. Thus, there are several

mechanisms by which HIF-1a may modify the neuropa-

thology associated with Alzheimer’s disease. For one, HIF-

1a leads to an increase in glycolysis by up-regulating many

of the glycolytic enzymes (Semenza et al. 1994; Mottet

et al. 2003), which leads to increased utilization of insulin,

and insulin has been shown to be decreased in the brains of

patients with AD (Schubert et al. 2009; Soucek et al. 2003).

The increase in glycolysis also leads to more glutathione

and other reducing agents, which can decrease oxidative

damage (which was observed in the mice in this study).

Other downstream targets of HIF-1a lead to increases in

erythropoeisis (from erythropoietin) and angiogenesis

(from VEGF) (Dongiovanni et al. 2008; Semenza et al.

1994). Also, the increase in ATP from glycolysis and the

decrease in oxidative damage could decrease mitochondrial

dysfunction, another contributing factor to the pathogenesis

of AD (Atamna and Frey 2007).

Levels of GLUT1 in the transgenic model were affected,

which is important because of the role that impaired glu-

cose utilization as well as insulin signaling play in the

neuropathology associated with Alzheimer’s disease.

In vivo PET imaging demonstrates a progressive decrease

in glucose utilization in AD patients, the extent of which

correlates to symptom severity (Mosconi et al. 2008).

Further, expression of insulin and insulin receptors in the

hippocampus is markedly lower in post-mortem brain of

AD patients as compared to normal brains (Steen et al.

2005). The transgenic and drug effects on GLUT1

expression observed in this study were unexpected based

on the observed increase in HIF-1a in DFO-treated mice.

Levels of GLUT1 were elevated in both groups of TG

mice, significantly so in the TG-PBS mice. However, we

388 Exp Brain Res (2012) 219:381–390
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would have expected a decrease in GLUT1 in the TG-PBS

mice, as Chen et al. (2001) showed that GLUT1 mRNA is

controlled by HIF-1a, which was decreased in this treat-

ment group. A decrease in insulin availability in the TG

mice in this study may explain the increase in GLUT1. It

has been found that depletion of insulin, which decreases

HIF-1a, can induce hyperglycemic conditions in which

blood glucose levels are increased (Ke et al. 2009). Fur-

thermore, conditions of hyperglycemia-induced insulin

resistance can lead to enhanced glucose transport through

insulin-independent GLUT1 and the hexosamine pathway,

instead of through GLUT4 (Ebeling et al. 1998). Although

it has been shown that HIF-1a induces GLUT1 mRNA

(Chen et al. 2001), it is not the primary inducer in hyper-

glycemic conditions, which could have been generated in

the TG-PBS mice.

Intranasal treatment with DFO decreased both inflam-

mation and oxidation, two phenomena known to occur with

AD (Shaftel et al. 2008; Zhu et al. 2007). The TG-PBS

mice had higher levels of IL-1b, a measure of neuroin-

flammation, while the TG-DFO mice had levels similar to

the WT mice. IL-1b has been shown to be elevated in brain

tissue of both AD patients and some animal models of AD,

and local expression of IL-1b has been implicated in

impairment of hippocampal dependent memory process

(Shaftel et al. 2008; Schneider et al. 1998). IL-1b has also

been implicated as a potential regulator of HIF-1a
(Thornton et al. 2000), which was also effected by IN DFO

in these mice. The transgenic mice also had increased

levels of oxidation as measured by oxyblot, and this effect

was alleviated by IN DFO. Possible mechanisms by which

DFO could decrease oxidative damage are the increase in

glycolysis and the associated hexose monophosphate shunt

from the stabilization of HIF-1a, which reduces oxidative

damage (Dongiovanni et al. 2008; Semenza et al. 1994;

Tonin et al. 2010). DFO also directly binds unbound iron,

which leads to a decrease in Fenton chemistry and thus less

oxidative damage (Domingo 2006).

In conclusion, IN DFO treatment produces a number of

beneficial effects in this and other transgenic mouse models

of AD pathology in support of its therapeutic potential for

AD and other neurodegenerative and psychiatric disorders.

It was safe and well tolerated by the mice, and there were

no side effects as measured with the non-cognitive

behavioral tests like rotarod. Indeed, two of the mice in the

TG-PBS group died while none of the TG-DFO mice died,

indicating it may have been beneficial for survival. This

same phenomenon was noted in Hanson et al. (Hanson

et al. 2012). Although the exact mechanism of how this

drug produces beneficial effects was not determined, some

of the proteins that are likely involved were identified,

most notably HIF-1a and GSK3b. There are likely other

proteins involved that will be identified in future studies.

Because of the many mechanisms in which DFO seems to

be beneficial for AD, it may offer a different type of

treatment than those currently accepted for the treatment of

AD. Toxicology studies are in progress for eventual human

clinical trials with IN DFO.
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