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Abstract
Introduction: Intranasal deferoxamine (IN DFO) has been shown to decrease mem-
ory loss and have beneficial impacts across several models of neurologic disease and 
injury, including rodent models of Alzheimer's and Parkinson's disease.
Methods: In order to assess the mechanism of DFO, determine its ability to improve mem-
ory from baseline in the absence of a diseased state, and assess targeting ability of intrana-
sal delivery, we treated healthy mice with IN DFO (2.4 mg) or intraperitoneal (IP) DFO and 
compared behavioral and biochemical changes with saline-treated controls. Mice were 
treated 5 days/week for 4 weeks and subjected to behavioral tests 30 min after dosing.
Results: We found that IN DFO, but not IP DFO, significantly enhanced working 
memory in the radial arm water maze, suggesting that IN administration is more 
efficacious as a targeted delivery route to the brain. Moreover, the ability of DFO 
to improve memory from baseline in healthy mice suggests a non-disease-specific 
mechanism of memory improvement. IN DFO treatment was accompanied by de-
creased GSK-3β activity and increased HIF-1α activity.
Conclusions: These pathways are suspected in DFO's ability to improve memory and 
perhaps represent a component of the common mechanism through which DFO en-
acts beneficial change in models of neurologic disease and injury.
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1  | INTRODUC TION

Deferoxamine (DFO), a metal chelator with a high affinity for iron 
and other metal ions, has been shown to have beneficial effects in 
a variety of models of neurologic disease and injury. In vivo studies 
have demonstrated that DFO has protective effects in animal models 
of ischemic stroke (Freret et al., 2006; Hanson et al., 2009; Zhao & 
Rempe, 2011), intracerebral and subarachnoid hemorrhage (Hishikawa 
et al., 2008; Wan, Hua, Keep, Hoff, & Xi, 2006; Yu, Jia, & Chen, 2014), 
and traumatic brain injury (Zhang et al., 2013) and improves motor 
function and memory in Parkinson's disease (Fine et al., 2014; Kaur et 
al., 2003) and Alzheimer's disease (Fine et al., 2012, 2015; Hanson et 
al., 2012) models, respectively. Moreover, a clinical study found that 
DFO slows disease progression in patients with Alzheimer's disease 
(Crapper McLachlan et al., 1991). Studies also suggest that DFO may 
slow the process of retinal degeneration (Obolensky et al., 2011) and 
improve aspects of human cerebrovascular function, namely vasore-
activity and autoregulation, from baseline (Sorond et al., 2015).

The mechanisms and pathways through which DFO enacts ben-
eficial change in these models have not been determined with cer-
tainty. While several disease-specific changes were associated with 
DFO treatment in Alzheimer's and Parkinson's studies (Febbraro, 
Andersen, Sanchez-Guajardo, Tentillier, & Romero-Ramos, 2013; 
Fine et al., 2014; Kaur et al., 2003), several non-disease-specific bio-
chemical changes, including chelation of redox-active free iron, ac-
tivation of hypoxia-inducible factor-1α (HIF-1α), and its downstream 
targets, and inhibition of glycogen synthase kinase-3β (GSK-3β) via 
phosphorylation have been consistently correlated with adminis-
tration of DFO (Fine et al., 2015; Sorond et al., 2015; Zhang et al., 
2013; Zhao & Rempe, 2011). The commonality of these biochemical 
changes suggests that one or a combination of these pathways could 
play a major role underlying DFO's effects in all models.

Individually or in concert, DFO's chelation of free iron, its activation 
of the HIF-1α pathway, and its inhibition of GSK-3β likely contribute to 
its impact in neurologic disease states. A small fraction of total brain 
iron exists in a free ionic (or lightly chelated) state and is capable of 
causing neuronal injury through Fenton chemistry and the formation 
of damaging hydroxyl radicals, leading to oxidative stress (Zaman et 
al., 1999). Disruptions in iron homeostasis and iron overload are well 
characterized in the pathophysiology of neurodegenerative diseases 
such as Parkinson's and Alzheimer's diseases (Fine et al., 2014; Zecca, 
Youdim, Riederer, Connor, & Crichton, 2004). DFO's effects have also 
been postulated to be a direct by-product of its activation of the HIF-1α 
pathway, which is known to be involved in neuroprotection. HIF-1α is a 
transcription factor that functions in the cellular response to hypoxia, 
resulting in the upregulation of neuroprotective downstream genes 
such as vascular endothelial growth factor and erythropoietin. HIF-1α 
activity is highly regulated by prolyl hydroxylases and factor-inhibiting 
HIF-1, both of which require iron to function (Dongiovanni et al., 2008; 
Jacob et al., 2015; Schubert, Soucek, & Blouw, 2009). It has also been 
suggested that DFO's effects in neurodegenerative disease models may 
be related to its inhibition of glycogen synthase kinase (GSK-3β), a pro-
line-directed serine/threonine kinase. GSK-3β regulates neurogenesis, 

migration, axon growth and guidance, and synaptic plasticity, including 
long-term potentiation (Salcedo-Tello, Ortiz-Matamoros, & Arias, 2011; 
Zhou & Snider, 2005). DFO's action has been consistently accompanied 
by significantly decreased GSK-3β activity via phosphorylation at Ser9 
(Fine et al., 2012, 2015). GSK-3β has been strongly implicated in the 
processes of learning and memory (Hernandez, Borrell, Guaza, Avila, & 
Lucas, 2002; Hooper et al., 2007) as well as in neuroprotection (Leeds 
et al., 2014), and its inhibition could be a central contributor to DFO's 
impact in neurologic disease and injury.

It is unclear whether DFO acts through multiple disease-specific 
mechanisms or exhibits its multiple effects through a common underly-
ing non-disease-specific pathway. As an initial investigation into whether 
a diseased state is necessary for DFO's effects and mechanisms, we 
sought to determine whether DFO could enhance memory from base-
line when administered to healthy mice—an effect that could only be 
a result of a non-disease-specific mechanism of memory improvement. 
Given that memory and learning enhancement from baseline has been 
well characterized with several other agents, including nicotine and nic-
otinic agonists (Levin, McClernon, & Rezvani, 2006), environmental en-
richment (van Praag, Kempermann, & Gage, 2000), and insulin (Freiherr 
et al., 2013), we chose memory enhancement as the variable of interest. 
Another objective of this study was to determine the need for targeted 
brain delivery of DFO, comparing intranasal (IN), and intraperitoneal (IP) 
delivery routes at equivalent doses. IN delivery allows the targeting of 
therapeutics to the central nervous system along olfactory and trigemi-
nal pathways while bypassing the blood-brain barrier (Crowe, Greenlee, 
Kanthasamy, & Hsu, 2018). We administered DFO both IN and IP to nor-
mal C57 mice, performed radial arm water maze (RAWM) and Morris 
water maze (MWM) behavioral tests to assess their learning and mem-
ory, and examined brain tissues for changes in HIF-1α and GSK-3β to 
identify non-disease-specific effects. Ultimately, we found that IN DFO, 
but not IP DFO, enhanced working memory from baseline as measured 
in the RAWM and increased the ratio of both pGSK-3β/GSK-3β and 
HIF-1α in the brains of healthy mice compared with saline controls.

2  | METHODS

2.1 | Experimental design

The study was conducted in two phases: (a) IN dosing with behav-
ioral testing and (b) IP dosing with behavioral testing. For the be-
havioral studies, there were four treatment groups of mice: (a) IN 
DFO (10% solution); (b) IN saline; (c) IP DFO (10% solution); and (d) IP 
saline. There were 25 mice in each IN group and 14 in each IP group. 
Treatment groups were formed by partitioning mice into treatment 
groups of roughly equivalent average weight. After acclimation to 
handling, mice were given IN or IP dosing with coordinated behav-
ioral testing with the MWM, RAWM, and open field test. Behavioral 
tests took place exactly 30 min after dosing for each mouse and 
started on the first day of behavior tests. The tests were adminis-
tered Monday through Friday; testing with the RAWM also took 
place over the weekend. After behavioral testing, mice were dosed 
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a final time with DFO or vehicle 30 min before euthanasia, and the 
tissues were collected for biochemical analyses.

2.2 | Animal care and treatment

Seven-week-old male C57BL/6 mice were acquired from Harlan, Inc. 
Mice were group-housed during a 12-hr light/dark cycle and had 
continuous access to water and rodent chow. Dosing and behavioral 
testing were reserved for the day portion of the circadian cycle. All 
procedures were approved by the Animal Care and Use Committee 
of HealthPartners Institute at Regions Hospital under protocol #08-
024, and all experiments were performed in an AALAC-accredited 
facility in accordance with all local and federal regulations.

2.3 | Drug treatment and dosing

Deferoxamine mesylate salt was purchased from Sigma (D9533). It 
was administered to mice as a 10% solution (2.4 mg DFO/mouse or 
~100 mg/kg) in 0.2× PBS (Sigma; P5493) at pH 6.0 for IN delivery. 
The vehicle was 0.2× PBS. For IP delivery, the same quantity of DFO 
(2.4 mg) was dissolved in 150 µl saline (0.9% NaCl) and administered. 
Awake mice were acclimated to handling and dosed IN as described 
in a detailed method paper by Hanson et al. (2012). Briefly, mice 
were first acclimated to handling and the IN delivery hold over the 
course of 3 weeks. They were then held in the supine position with 
a modified scruff and given a total of 24 µl with a micropipettor over 
2.5 min. For IP dosing, mice were scruffed at the neck, held upside 
down, and given the drug or saline in the IP cavity. The 30-min inter-
val between dosing and behavior was chosen as it is a common time 
for compounds delivered intranasally to reach the brain (Thorne, 
Pronk, Padmanabhan, & Frey, 2004) and is functional for hypoxic 
preconditioning (Li et al., 2014).

2.4 | Behavioral assessment

Behavioral tests were performed over 4 weeks. All behavioral tests 
were performed 30 min after drug delivery for each mouse. MWM 
was performed for 5  days in succession, while RAWM was per-
formed 12 days in succession. Open field tests were conducted over 
the course of 1 day.

2.5 | Radial arm water maze

Working memory was measured in a round, black plastic tub filled 
to a surface diameter of 108 cm with water at 21°C. Nontoxic white 
paint was added, and visual cues surrounded the tank. Six inserts 
were added to the tub to create 6 radially distributed, equal-sized 
arms emanating from the center. Inserts were 41  ×  15  cm long, 
and their walls extended 5.5 cm above the water surface. A clear 

platform measuring 6.4 cm2 was placed at the end of an arm 1 cm 
below the surface. The platform location was randomized (with-
out repeating) each day. For 12 successive days, each mouse was 
tested in four successive acquisition trials in which it was placed at 
the end of a nonplatform arm and allowed to leave in search of the 
platform. An error was recorded when the mouse entered any of 
the five nonplatform arms or failed to make an arm choice within 
20 s. After each error, the mouse was returned to its starting arm 
and released. Once the mouse located the platform or failed to do 
so in 60 s, it was allowed to stay on the platform for 20 s before the 
next trial. If a mouse had three or fewer errors and a 60-s escape la-
tency, it was assessed a penalty of eight errors to account for non-
compliance. Errors and escape latency were recorded. The method 
was based on that originally developed in Arendash et al. (2001) 
and the same as that used in Fine et al. (2012) and Fine et al. (2015).

2.6 | Morris water maze

Reference memory was assessed in the same tub and room as for 
RAWM but without the inserts, and a single platform was hidden 1 cm 
below the surface. Each day, mice were sequentially placed at the wall 
of the tub in 4 quadrants labeled 1 through 4, starting at the observ-
er's left and distributed at each quarter of the tank, respectively. Each 
mouse had four trials/day. For each trial, mice were allowed to swim 
until they reached the platform or 60 s had elapsed, at which time they 
were then placed on the platform. All mice were given 20 s to rest 
before the next trial, and the platform remained at the same location 
for all trials. Data were videotaped and analyzed using the EthoVision 
tracking system (Noldus) for escape latency, path length, and velocity. 
After the hidden platform tests, a visual platform test was conducted 
to assess visual acuity. The platform was moved to a new location, 
raised just above the water level, and marked with a flag, and mice 
were given four trials during 1 day. Methods were the same as those 
used in Fine et al. (2012) and Fine et al. (2015).

2.7 | Open field

Activity and exploration were measured in an open field, which 
was a white rectangle (85 cm [l] × 77 cm [w] × 28 cm [h]). Mice were 
placed in the center of the floor and allowed to explore for 5 min. 
Video was acquired with an overhead camera connected to a DVD 
recorder. The EthoVision tracking system (version 3.1; Noldus) was 
used to divide the area of the box floor into 16 boxes of equal size, 
and the total number of line crossings and velocity were recorded.

2.8 | Euthanasia and tissue collection

All mice were anesthetized with pentobarbital, transcardially per-
fused with saline, and decapitated. Blood was processed with a 
serum separator tube (BD Microtainer), and serum was snap-frozen 
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in liquid nitrogen. The brain was removed from the skull and hemi-
sected sagitally. The hippocampus was removed and snap-frozen 
in liquid nitrogen. The tubes were stored at −70°C until analysis.

2.9 | Protein extraction

Frozen brain tissues were homogenized in five 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) and phosphatase inhibitor 
cocktail (Sigma). Homogenates were centrifuged at 20,000  g for 
20 min at 4°C. Supernatant was stored at −70°C until analysis by 
Western blot.

2.10 | Western blot analysis

Protein concentrations were determined using the bicinchoninic 
acid method. Equal amounts of total cellular proteins (50  μg for 
HIF-1α and 25  μg for all other protein targets) were diluted in 
Laemmli buffer, separated by SDS-PAGE, and transferred to poly-
vinylidene fluoride membranes. 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 hr with 1 of the following antibodies in TBS-T: phospho-GSK-3β 
(Ser9) rabbit antibody (Cell Signaling Technology, cat. #9336, 
RRID:AB_331405), GSK-3β (27C10) rabbit monoclonal antibody 
(Cell Signaling Technology, cat. #9315, RRID:AB_490890), HIF-1α 
rabbit polyclonal antibody (Novus Biologicals, cat. NB100-479, 
RRID:AB_10000633), GLUT-1 rabbit polyclonal antibody (Abcam, 
cat. ab652, RRID:AB_305540), and β-catenin E-5 (Santa Cruz 
Biotechnology, cat. sc7963, RRID:AB_626807). Rabbit anti-actin 
polyclonal antibody was detected on all blots as a loading con-
trol (Novus Biologicals, cat. NB600-503, RRID:AB_10077516). 
Membranes were rinsed in TBS-T and then incubated in either anti-
rabbit (Cell Signaling Technology cat. #7074; RRID:AB_2099233) or 
anti-mouse (Cell Signaling Technology, cat #7076, RRID:AB_330924) 
IgG conjugated to horseradish peroxidase in TBS-T with 5% dry milk 
for 1 hr. Enhanced Chemiluminescence Plus Western blotting detec-
tion reagent (GE Healthcare) was used to visualize peroxidase en-
zymatic activity on X-ray film. Exposed films were quantified using 
ImageJ software provided by the National Institutes of Health.

2.11 | Statistical analyses

Statistical analyses for escape latency in the RAWM consisted of 
a Mann–Whitney U test due to violations of the assumption of 
normality (due to a ceiling effect of 60  s maximum to find the 

F I G U R E  1  Radial arm water maze data for mice treated with DFO delivered IN (a, b) or IP (c, d) daily for 1 month. Behavioral tests were 
done 30 min after drug delivery each day. Data includes errors (a, c) and escape latency (b, d). Each block is an average of 3 days, and data 
are shown for trials 1, 3, and 4. IN DFO-treated mice had a significantly shorter escape latency and fewer errors than saline-treated mice in 
several trials (*p < .05), indicating that IN DFO treatment enhanced learning. There were no significant differences between IP DFO- and IP 
saline-treated mice for any trials. Treatment groups for IN and IP delivery of DFO are only compared with their own controls, respectively, as 
IN and IP trials were not done concurrently
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platform). t Tests were used for number of errors. Repeated-
measures ANOVA was performed to analyze MWM data. Both 
RAWM and MWM performance of IN and IP DFO treatment 
groups were independently compared with IN and IP saline con-
trol groups, respectively, because they were run at different 
times and therefore could not be directly compared to each other. 
Other behavioral testing and all Western blots were analyzed via 
t tests between treatment groups. Again, IN and IP groups were 
only compared with their respective controls.

3  | RESULTS

3.1 | Radial arm water maze

t Tests performed for each trial in each block showed that mice 
treated with IN DFO had significantly fewer errors when compared 
to IN controls in several cases during trials 3 and 4 (p < .05) (Figure 1a). 
These differences were not evident when comparing IP DFO with IP 
Saline treatment at an equivalent dose (Figure 1c). Similarly, Mann–
Whitney U tests performed for each trial in each block showed that 
mice treated with IN DFO had significantly shorter escape latencies 
than control mice during trials 3 and 4 (p <  .05) (Figure 1b). Again, 
these differences were not present in the case of mice treated with 
IP DFO (Figure 1d).

3.2 | Morris water maze

There were no statistically significant differences between the IN or 
IP DFO treatment groups and their respective controls in escape la-
tency, path length, or velocity (data not shown). This applies to both 
hidden and visual platform tests.

3.3 | Open field

There were no statistically significant differences between any 
groups in either line crossings or velocity (data not shown). Mice 
treated with IN DFO had, on average, 82.1  ±  3.4 line crossings 
and average velocity of 7.3 ± 0.2 cm/s, while IN saline mice had, 
on average, 83.7  ±  4.6 line crossings and average velocity of 
7.4  ±  0.3  cm/s. Averages for IP DFO mice were 94.7  ±  6.8 line 
crossings and a velocity of 8.3 ± 0.4  cm/s, while IN saline mice 
had, on average, 82.3 ± 5.0 line crossings and average velocity of 
7.5 ± 0.4 cm/s.

3.4 | Western blot

Analyses of homogenized hippocampus with Western blotting showed 
that mice treated with IN DFO had increased HIF-1α (168%; Figure 2a), 
an increased ratio of pGSK-3β to total GSK-3β (314%; Figure 2c), 

increased β-catenin (141%; Figure 2e), and decreased GLUT-1 (85%; 
Figure 2g) compared with IN saline controls. All of these changes were 
significant at p  <  .05. Although there were increases in HIF-1α and 
pGSK-3β/GSK-3β in mice treated with IP DFO compared with IP con-
trols, these changes were not statistically significant (Figure 2b,d,f,h).

3.5 | General health

There was no difference in weight between IN treatment groups, 
whose average weights (±SE) for DFO and saline groups were 
24.7 ± 0.4 and 25.1 ± 0.6 g, respectively. A t test showed IP DFO 
treatment (23.7 ± 0.3 g) resulted in significant weight loss compared 
with the IP saline-treated (25.1  ±  0.5  g) mice at time of sacrifice 
(p < .05). There was no mortality, signs of nasal irritation, or physical 
defects observed in any group.

4  | DISCUSSION

In this study, we found that IN DFO improved working memory from 
baseline, increased levels of HIF-1α, and inhibited GSK-3β activity 
through phosphorylation in healthy C57 mice, while IP DFO delivered 
at the same dose did not result in these significant behavioral and 
biochemical changes. Collectively, these findings demonstrate that 
DFO can improve memory in the absence of a diseased state, a result 
that promotes the theory that DFO may operate through both dis-
ease-specific and non-disease-specific mechanisms. Our results also 
suggest that DFO may hold promise as a memory enhancer or pre-
treatment, in addition to treatment, for neurodegenerative disease. 
Once again, we have correlated treatment with DFO and modulation 
of the HIF-1α and GSK-3β pathways, which have been postulated to 
play an integral role in DFO's effects in animal models of brain injury 
and neurodegenerative disease. Furthermore, our results demon-
strate the greater efficacy of IN delivery of DFO compared with IP, 
supporting IN administration as a targeted route for drug administra-
tion to the brain.

Our current results support previous findings regarding the use 
of IN DFO in improving learning and memory in multiple rodent 
Alzheimer's models with corresponding biochemical increases in 
HIF-1α and GSK-3β (Fine et al., 2012, 2015; Hanson et al., 2012). DFO's 
ability to improve memory from baseline in healthy mice may yield ad-
ditional insight into its mechanism given that, by definition, memory 
improvement in healthy mice can only occur through non-disease-spe-
cific changes (due to the absence of a diseased state). This finding sug-
gests that DFO's memory-improving effects in previous Alzheimer's 
studies could be, in part, a result of non-disease-specific modification. 
Moreover, we postulate that the mechanism of DFO's observed im-
pact in several distinct models of neurologic injury and disease could 
be via one, or a combination of, non-disease-specific pathways such as 
HIF-1α, GSK-3β, or other downstream pathways of iron chelation. This 
hypothesis is justified by the frequent observation of these non-mod-
el-specific biochemical changes in the absence of disease-specific 
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changes in most models (Fine et al., 2015; Sorond et al., 2015; Zhang et 
al., 2013; Zhao & Rempe, 2011) in addition to our current results, which 
establish that DFO can enact beneficial change from baseline without 
disease-related biochemical modulation.

The pathways contributing to DFO's beneficial effects likely 
include direct iron chelation, activation of HIF-1α, and inactivation 
of GSK-3β via phosphorylation. The rationale for DFO's effects on 
HIF-1α as a driver for DFO's neuroprotective effects in brain injury 

F I G U R E  2   Representative blots and 
histograms for proteins analyzed by 
Western blot. C57 mice were treated with 
DFO either IN (a, c, e, g) or IP (b, d, f, h) 
for 1 month. (a, b) HIF-1α; (c, d) pGSK-3β/
GSK-3β; (e, f) β-catenin; (g, h) GLUT-1. 
Blots are representative of each treatment 
group, while histograms are percentage of 
change from vehicle-treated mice. Error 
bars are SEM converted from the raw 
data to percentages and are shown only 
to help visualize differences. Statistically 
significant differences between groups 
were measured by t test (*p < .05), which 
was performed on the raw data as optical 
density rather than percentage changes. 
IN DFO led to significant increases in HIF-
1α, pGSK-3β/GSK-3β, and β-catenin and 
decreased GLUT-1 (p < .05). No changes 
were significant in the IP DFO-treated 
mice
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and neurodegenerative disease have been previously enumerated 
(Fine et al., 2012; Zhang, Yan, Chang, ShiDu Yan, & Shi, 2011). On 
the other hand, there is a precedent for DFO to exhibit neuro-
protective effects independent of HIF-1α activation (Siddiq et al., 
2009; Zhao & Rempe, 2011), and other pathways likely contrib-
ute to DFO's broad impact. For instance, treatment with DFO has 
been shown to result in the phosphorylation of Akt (PKB), a poten-
tial route through which DFO might upregulate glycogen synthe-
sis and glucose uptake, and to inactivate GSK-3β via downstream 
phosphorylation (Lui et al., 2015; Nicholson & Anderson, 2002). 
Glucose uptake and increased insulin signaling have been shown 
by DFO treatment in cancer and rat liver cells (Dongiovanni et al., 
2008). An increase in glycogen synthesis and/or glucose uptake 
plays a role in the improvement in memory and is indeed the main 
proposed mechanism by which intranasally administered insulin 
improves memory in clinical trials in both normal healthy adults 
and Alzheimer's patients (Benedict & Grillo, 2018). We also postu-
late that GSK-3β inactivation could play a role in many models in 
which DFO has had an effect. GSK-3β has been shown to be a key 
player in learning and memory (Hooper et al., 2007). The inhibition 
of GSK-3β via phosphorylation has been correlated with neuropro-
tection in brain injury (Leeds et al., 2014), and GSK-3β is implicated 
as a factor in Alzheimer's and other neurodegenerative diseases 
(Grigor'yan, 2014). Thus, the involvement of HIF-1α and GSK-3β is 
strongly suspected in the memory improvement observed in this 
study and, we postulate, in the beneficial impacts of DFO across 
neurologic injury and disease models. Alternatively, DFO has also 
shown disease-specific benefits in several models. Decreases in 
amyloid and tau were associated with DFO treatment in several 
Alzheimer's studies (Fine et al., 2012, 2015; Guo et al., 2013, 2012) 
and increased preservation of dopaminergic striatal neurons has 
been demonstrated in Parkinson's models (Febbraro et al., 2013; 
Fine et al., 2014; Kaur et al., 2003), suggesting an additional layer 
of complexity to DFO's mechanism.

An additional result of this study was that IP DFO adminis-
tered at the same dose as the IN DFO did not demonstrate sig-
nificant behavioral or biochemical effects of the latter compared 
with controls, suggesting that IN administration more effectively 
targets DFO to the brain. IN delivery is thought to involve the 
well-characterized nose-to-brain pathway (Crowe et al., 2018; 
Dhuria, Hanson, & Frey, 2010; Lochhead, Wolak, Pizzo, & Thorne, 
2015) and may be more effective because it bypasses the blood–
brain barrier. DFO delivered via the IP route must travel through 
the bloodstream (in which it has a short half-life) and cross the 
blood–brain barrier, ultimately reaching the brain in substantially 
lower concentrations. One study found that intranasal adminis-
tration of DFO significantly increased targeting to various regions 
of the CNS by ~10 times compared to intravenous administration 
(Hanson et al., 2009). Although the significant changes observed 
with the IN-dosed mice in behavior and biochemistry were not 
seen in the IP DFO mice, there was a nonsignificant trend toward 
an increase in the ratio of pGSK-3β to GSK-3β and, to a lesser ex-
tent, HIF-1α, in the hippocampus of IP DFO mice. Studies suggest 

that IP DFO may improve memory in mice with either age-related 
or iron-induced memory impairment (de Lima et al., 2008, 2007). 
However, the doses in these experiments were 3 times greater 
than those of the current study, potentially explaining the discrep-
ancy. One additional consideration is that administering IP DFO 
at such high doses may have adverse effects, since DFO acts as a 
potent iron chelator in the bloodstream. Indeed, in another study 
of iron overload, IP DFO led to significantly more deaths in healthy 
mice than in mice with an iron overload (Porter et al., 1991), sug-
gesting that IP DFO as a brain-related treatment may be unsafe for 
mice, or ultimately, patients, without systemic iron overload. We 
observed significant weight loss in the IP DFO group, potentially 
related to side effects of systemic exposure. This is also clinically 
relevant in the HI-DEF clinical trial, in which DFO is being admin-
istered as a potential treatment for intracerebral hemorrhage. This 
trial was discontinued due to the high DFO dose and has been 
restarted with a lower DFO dose (clini​caltr​ials.gov). As a direct 
delivery route to the brain, we speculate that IN DFO could be 
delivered with fewer systemic side effects than IP DFO because 
of the lower therapeutic dose required.

While we observed that mice given IN DFO significantly im-
proved RAWM performance, we did not record significant dif-
ferences in their MWM performance. The MWM is designed to 
detect reference memory, or the ability to learn a task, whereas 
the RAWM is more difficult and measures working memory, which 
requires the ability to manipulate the memories at hand (Arendash 
et al., 2001). In one sense, we would expect the RAWM to be 
more sensitive to behavioral differences. However, DFO may se-
lectively improve working memory over reference memory. It is 
also unclear whether the improvements in working memory for IN 
DFO-treated mice were the result of chronic or acute dosing, as 
the mice experienced both acute dosing 30 min before behavioral 
tests and long-term dosing Monday through Friday for 4 weeks. 
This limitation of the study design may be responsible for the 
lack of significant MWM results as well, as MWM tests were per-
formed starting on the first day of drug dosing for 5 subsequent 
days (Monday through Friday), whereas RAWM started the next 
week after 5 days of dosing and continued for 12 successive days 
after a greater, chronic exposure to IN DFO. Another caveat to 
this study's results is that, while HIF-1α levels increased, GLUT-
1, a downstream target, decreased—contrary to expectations and 
for unclear reasons. The decreases in GSK-3β were, however, ac-
companied by increases in its downstream target, β-catenin, as 
expected.

Overall, IN DFO has shown promise as a potential treat-
ment for several forms of neurologic injury and disease, includ-
ing Parkinson's and Alzheimer's diseases. In this study, we found 
that IN DFO improved memory from baseline, increased levels of 
HIF-1α, and inhibited GSK-3β activity in healthy C57 mice. These 
results demonstrate that DFO may operate in the absence of a 
diseased state and through both non-disease-related as well as 
disease-specific mechanisms, and corroborate several probable 
pathways through which DFO may operate to enact beneficial 

http://clinicaltrials.gov
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change in neurodegenerative disease. Several potential contribu-
tory pathways were beyond the scope of this study—for instance, 
the direct impacts of the chelation of free iron could also be a 
common underlying pathway through which DFO may act in these 
models, as supported by its impacts on Fenton chemistry and ox-
idative stress, with consequent implications in neurodegenerative 
disease (Ben-Shachar, Eshel, Finberg, & Youdim, 1991; Fine et al., 
2014). DFO's ability to improve memory from baseline may also 
have implications as a future treatment not only to improve mem-
ory in neurodegenerative disease but also to enhance memory in 
general or as a pretreatment. Consistent with previous studies, 
our study showed no adverse effects of IN DFO treatment, as in-
dicated by the lack of deaths or weight loss in the IN DFO groups 
(Febbraro et al., 2013; Fine et al., 2012, 2014, 2017; Hanson et al., 
2012). Future studies will aim to further elucidate this treatment's 
mechanism, validate its safety, and more broadly look into the 
common pathways underlying neurodegenerative disease.
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