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ABSTRACT
Chronically high occupational exposure to airborne metals like iron can impair olfactory function, but little is known
about how low iron status modifies olfactory behavior. To investigate the influence of body iron status, weanling rats
were fed a diet with low iron content (4 - 7 ppm) to induce iron deficiency anemia and olfactory behavior was compared
to control rats fed an isocaloric diet sufficient in iron (210 - 220 ppm). Iron-deficient rats had prolonged exploratory
time for attractive odorants in behavioral olfactory habituation/dis-habituation tests, olfactory preference tests and olfactory sensitivity tests compared with control rats. No significant differences were observed for aversive odorants between the two groups. These findings suggest that iron-dependent functions may be involved in controlling and processing of olfactory signal transduction via self and lateral inhibition such that odorant signal remains stronger for longer
times prolonging exploratory activity on attractive odorants in the behavioral tests. These findings establish that iron
deficiency can modify olfactory behavior.
Keywords: Iron Deficiency; Olfactory Habituation/Dis-Habituation; Olfactory Sensitivity; Olfactory Signal
Transduction

1. Introduction
Olfactory function is significantly impaired in metal workers and other individuals subjected to chronic occupational
exposure to metals compared with the general population.
For example, professional welders who work in enclosed
spaces with poor ventilation exhibit significant olfactory
dysfunction, typical of that observed in idiopathic Parkinson’s disease [1,2]. Olfactory impairments have been
reported in a number of neurodegenerative diseases in addition to Parkinson’s disease, including Alzheimer’s disease, and olfactory deficits suggest an early stage marker
for Parkinson’s and Alzheimer’s disease [3-12]. Both
disorders are associated with excessive iron deposition in
the central nervous system [13-17]. While we have limited understanding about the association of neurodegenerative diseases with high brain iron and the impact on
olfaction, how iron deficiency might influence the sense
of smell has not been adequately addressed. The present
study was designed to explore the relationship between
low iron status of the body and behavioral olfactory
functions, using a model of diet-induced iron deficiency
anemia in weanling rats.
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It has been established that several iron-dependent enzymatic functions are necessary for proper olfaction. For
example, neuronal nitric oxide synthase (nNOS), tryptophan dioxygenase (TDO), indoleamine 2,3-dioxygenase
(IDO), 3-hydroxyanthranilic acid oxygenase (3-HAO)
and tyrosine hydroxylase (TH) are necessary for olfactory signal transduction and all of these proteins require
either heme or inorganic iron for structure and activity.
Therefore, we designed the present study to investigate
the relationship between behavioral olfactory functions
and iron deficiency anemia. Behavioral olfactory functions in animals are initiated by involuntary inhalation
followed by voluntary odorant sampling, or sniffing behavior, which plays an important role in odor information
processing [18-22]. Simple habituation/dis-habituation
tests can assess a rodent’s ability to sense and differentiate between odors [23]. Using this approach, we determined that iron-deficient rats have prolonged exploratory
time for attractive odorants, but not aversive odorants,
compared to iron-sufficient controls. A mechanistic model
is proposed based on these findings that explains how
iron-dependent functions may be involved in controlling
and processing of olfactory signal transduction via self and
lateral inhibition such that exploratory activity is prolonged.
JBBS
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2. Materials and Methods
2.1. Animals, Diet and Odorants
Animal protocols were approved by the Harvard Medical
Area Animal Care and Use Committee. Three week-old
Sprague-Dawley rats (Taconic Farms, Inc., Germantown,
NY) were housed with 12 hour light-dark cycle. The control group was fed on standard chow containing 210 - 220
ppm iron (PicoLab 5053; PharmaServ) and the test group
was fed an isocaloric iron-deficient diet containing 4 - 7
ppm iron (TD 99397, Harlan Teklad; Table 1) to induce
iron deficiency anemia. Vanillin crystals (200 mg per
vial per cage; Sigma-Aldrich) were used for background
odor enrichment to habituate all rats. Attractive odorants
eugenol (Sigma-Aldrich) and peanut butter (Shaw’s Super Market Brand), and aversive odorants cinnamon oil
(Sigma-Aldrich) and 2-methylbutyric acid (Sigma-Aldrich) were dissolved in a minimum volume of mineral
oil to obtain the required concentration with the least possible contamination.

2.2. Determination of Iron Status
All rats were humanely killed after behavioral olfactory
function tests, and blood, olfactory bulb, whole brain and
liver were collected and weighed. Hematocrits and tissue
non-heme iron concentrations were measured as previously described [24]. Iron concentrations in acid-hydrolyzed olfactory bulbs and whole brains were measured
using Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Iron content was determined from
emission readings at the Fe 238.204 nm emission line using an ICP-OES spectrometer (Optima DV 2000, PerkinElmer). The instrument was calibrated with dilutions of
an iron standard spiked with yttrium internal standard (1
mg/L). Raw ICP results were calculated using WinLab
32 for ICP software (Perkin Elmer) to back-calculate the
amount of iron in original tissue and are expressed as µg
per gram of tissue.

2.3. Behavioral Olfactory Functional Tests
In the second week on their respective diets, rats in both
groups were habituated for experimental handling and
odorant vanillin for 5 - 7 days. A vial containing 200 mg
Table 1. Comparison of diet composition.
Diet
Components
Iron, mg/kg

Control Diet
Low Iron Diet
% Kcal
% Kcal
(Picolab 5053)
(TD 99397)
210 - 220

4-7

Protein, %

20.0

23.55%

17.7

17.8%

Carbohydrate, %

68.7

64.52%

69.8

70.4%

Fat, %

5.4

11.92%

5.2

11.8%

Energy, kcal/g

4.0

Copyright © 2012 SciRes.

4.0

of pure vanillin crystals was hung in each cage for background odor enrichment and a sham test of each of the
following experiments without test odorant was performed with all rats to familiarize experimental handling
and minimize disturbance to sniffing behavior.
2.3.1. Behavioral Olfactory
Habituation/Dis-Habituation Test
On the experimental day (post-natal day 42), each rat was
habituated for 15 min with the vanillin cassette and a filter
paper cassette attached to the clean cage without bedding.
The rat was then transferred to a second cage (exactly as
the first cage) and habituated for 5 min. The test was performed in a third cage containing a test cassette with filter paper soaked with 50 µl of 5% eugenol and a blank
cassette with filter paper alone. Exploratory time for exactly 180 seconds was recorded using custom behavioral
recording software (see below) while observing real time
movement using the computer monitor. The rat was then
transferred back to second cage again for dis-habituation
for 5 min. Successive tests sessions were performed five
times with 5% eugenol in the test cage and the exploratory time calculated in each session was added to the
total exploratory time of all five trials. In a final test, the
rat was exposed once to 5% cinnamon oil instead of
eugenol, and the test was repeated for dis-habituation and
discrimination as described above. Exploratory time was
calculated in milliseconds using Sony Vegas Pro10 by
navigating video frame by frame back and forth and then
compared with the control group.
2.3.2. Behavioral Olfactory Preference Test
All the habituation processes were performed as described for the olfactory habituation/dis-habituation test.
The test was performed in the test cage containing test
cassette with water and a blank cassette. Exploratory
time for 180 seconds was recorded and then the rat was
transferred to second cage for dis-habituation (5 min).
The procedure was repeated once with 7.5% peanut butter, and once with 7.5% 2-methylbutyric acid, and total
exploratory time was measured.
2.3.3. Behavioral Olfactory Sensitivity Test with
Eugenol and Peanut Butter
All the habituation processes were accomplished using
two separate cages as explained in olfactory habituation/dis-habituation test. Rats were exposed to eugenol for
the first time in their life and only once for each concentration. The test was performed in the test cage containing test cassette with 0.9% eugenol and a blank cassette and exploratory time was recorded for 180 seconds
and the rat was transferred to second cage for dis-habituation (5 min). The procedure was repeated 1.8% and
3.6% eugenol. The test procedures were also repeated exJBBS
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cept that 2.5%, 5% and 10% peanut butter was employed
as odorant.

2.4. Behavioral Recording and Analyzing
Software
Real time behavioral recording software was developed
to monitor and record digital video from a Sony SSCDC374 high resolution color CCD surveillance video
camera to a hard drive while monitoring their real time
behavior on computer screen. The software was synchronized with computer clock, automated to record exploratory time within given time period, measured recording
time in milliseconds and number of frames per given time
(180 seconds). The software was pre-tested and compared
with Sony Vegas Pro10 & Roxio creator 2011 for accuracy. Sony Vegas Pro10 was used to analyze the recorded
video and measure total exploratory time within 180 seconds. Time line of the video was navigated back and forth
frame by frame to find out the starting and ending time
points of sniffing. Sniffing starting time was subtracted
from sniffing ending time and number of frames was
converted into milliseconds to calculate exploratory time.
The rats sniffed the odorant cassette several times within
a 180 second period. Total exploratory time within 180
seconds was calculated by adding fractions of sniffing
durations.

2.5. Statistical Analysis
Data were expressed as mean ± SEM. Data was analyzed
by one-way ANOVA using IBM SPSS version 19 statistical software and differences were considered significant
at P < 0.05.

habituated for an aversive odorant, cinnamon oil, and
there was no significant difference between groups. Total
exploratory time in individual trial sessions of 180 seconds was significantly prolonged in the 1st trial (P <
0.001, n = 16) and in the 2nd, 3rd, 4th and 5th trials (P < 0.05,
n = 16) comparing iron-deficient rats with control rats
(Figure 2(b)). There was a significant decline in exploratory time from 1st to 4th session in iron-deficient rats representing gradual increase in odor discrimination and adaptation. There was a significant decline in total exploratory time for 5% eugenol in 1st and 2nd sessions (P < 0.05,
n = 16) in control rats. Both iron-deficient and control
rats dis-habituated when exposed to aversive odorant
cinnamon oil in the 6th session (40 min after starting the
experiment; Figure 2(a)). There was no significant difference in total exploratory time for 5% cinnamon oil
within the 180 sec test period; both groups recognized
cinnamon oil quickly and moved away from the odor.
Table 2. Physiological characteristics of iron-deficient and
control rats.
Anemic rats

n

209.12 ± 8.651

*

Body weight, g
Liver, % Body weight

*

Brain, % Body weight

**

Hematocrit, %

**

4.17 ± 0.115
0.86 ± 0.027
16.04 ± 0.72

**

16

283 ± 7.622

16

16

4.683 ± 0.065

16

12

0.685 ± 0.010

12

16

43.02 ± 0.47

16

16

2.183 ± 0.11

16

14.84 ± 0.78

16

62.17 ± 3.69

16

**

Liver iron, mg/g

n

0.61 ± 0.06

*

Serum iron, mg/ml

Control rats

*

Values are means ± SEM. P < 0.001, P < 0.05 compared with control rats,
ANOVA.

3. Results
3.1. Characteristics of Iron-Deficient and
Control Rats
After 3 weeks on a low-iron diet and at the beginning of
behavioral tests, hematocrit and body weights were significantly reduced in iron-deficient anemic rats compared
to rats fed the control iron-sufficient diet (Table 2). Serum iron and liver non-heme iron levels were also signifycantly lowered in iron-deficient rats compared with controls. ICP-OES analysis also confirmed the significant
reduction of the iron levels in olfactory bulbs (P < 0.001,
n = 8) and whole brains (P < 0.001, n = 10) of anemic
rats compared with respective values of control rats (Figure 1).

3.2. Olfactory Habituation/Dis-Habituation Test
Total exploratory time for 5% eugenol was significantly
prolonged in iron-deficient rats compared with control
rats (Figure 2(a)). In contrast, rats were completely disCopyright © 2012 SciRes.

Figure 1. ICP-OES analysis of iron in olfactory bulbs and
whole brains of iron-deficient and control rats. Iron content
was measured in olfactory bulb (n = 8) and whole brain (n =
10) of iron-deficient (black bars) and control (white bar)
rats. Results shown are mean values ± SEM. *p < 0.001,
ANOVA.
JBBS
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3.4. Olfactory Sensitivity Test with Attractive
Odorants Eugenol and Peanut Butter
There were significantly prolonged exploratory times
within 180 second for increased dose of attractive odorant,
with 1.8% eugenol (P < 0.05, n = 5) and 3.6% eugenol (P
< 0.005, n = 6) in anemic rats compared with control rats
(Figure 4). Similar observations were made for a second
odor, 5% peanut butter (P < 0.05, n = 5) and 10% peanut
butter (P < 0.005, n = 6) (Figure 5). Olfactory sensitivity
for iron-deficient rats appeared dose-dependent for both
attractants, unlike the control group of iron-sufficient rats.

(a)

Figure 3. Iron-deficient rats showed significantly prolonged
sniffing time for attractive but not aversive odorants in
behavioral olfactory preference test. Total exploratory time
for 7.5% peanut butter and 7.5% 2-methylbutric acid in
iron-deficient rats (black bars) compared with control rats
(white bars). The graph shows mean total sniffing times ±
SEM (n = 10). **P < 0.001, ANOVA.
(b)

Figure 2. Iron-deficient rats show significantly prolonged
sniffing time in behavioral olfactory habituation/dis-habituation test. Panel (a): Total exploratory time within five trial
sessions of 180 seconds each was determined for anemic rats
(black bars) compared with control rats (white bars) for the
attractive odorant 5% eugenol and the aversive odorant,
cinnamon oil. The graph shows mean total sniffing times ±
SEM (n = 16). *P < 0.001, ANOVA; Panel (b): Exploratory
time for attractive odorant 5% eugenol is shown for each individual trial session of 180 seconds. **P < 0.001, *P < 0.05,
ANOVA.

3.3. Olfactory Preference Test
Total exploratory time within 180 seconds compared
preference for a second set of attractive and aversive
odorants (Figure 3). Iron-deficient rats had significantly
prolonged exploration of the attractive odorant peanut
butter compared with control rats (P < 0.001; n = 10).
There was no significant difference in total exploratory
time for the aversive odorant 2-methylbutyric acid comparing anemic rats and control rats.
Copyright © 2012 SciRes.

Figure 4. Iron-deficient rats showed significantly pro-longed
sniffing time for attractive odorants in behavioral olfactory
sensitivity tests in dose-dependent manner. Total exploratory time for 0.9% (n = 5), 1.8% (n = 5) and 3.6% eugenol
(n = 6) were determined for iron-deficient rats (black bars)
compared with control rats (white bars). The graph shows
mean total sniffing times ± SEM. **P < 0.005, *P < 0.05,
ANOVA.
JBBS

V. M. R. KUMARA, M. WESSLING-RESNICK

Figure 5. Iron-deficient rats showed significantly prolonged
sniffing time for peanut butter in behavioral olfactory sensitivity tests in dose-dependent manner. Total exploratory
time for 2.5% (n = 5), 5% (n = 5) and 10% peanut butter (n
= 6) in iron-deficient rats (black bars) compared with control rats (white bars). The graph shows mean total sniffing
times ±SEM. **P<0.005, *P < 0.05, ANOVA.
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cient rats showed significantly prolonged exploratory time
to an attractant order (eugenol) compared to iron-sufficient controls.
Both groups detected and discriminated an aversive
odorant (cinnamon oil) very quickly after dis-habituation.
The olfactory preference tests for anemic rats also showed
significantly prolonged exploratory time for 7.5% peanut
butter while no significant difference was observed for a
second aversive odorant, 7.5% 2-methylbutyric acid, compared with control rats.
One plausible explanation accounting for the observed
behavioral differences between the two groups is that
iron deficiency reduces self and lateral inhibition (see
Figure 6). This reasoning is based on the idea that aversive odorant signaling is independent of N-methyl-D-aspartc acid (NMDA) receptors as well as pathways that
involve nitric oxide (NO), glutamate, γ-aminobutryic acid
(GABA); serotonergic signaling appears to be involved

4. Discussion
The main aim of the present study was to determine
whether iron deficiency could affect the behavioral olfactory function. Iron-deficiency anemia was induced by
feeding weanling rats a low iron diet (4 - 7 ppm), and olfactory behavior was compared to age-matched rats fed an
isocaloric diet with standard chow iron concentration (210
- 220 ppm). Significantly lower hematocrit values, serum
iron, and non-heme iron in the liver established low body
iron status for the iron-deficient group compared to the
iron-sufficient group. Notably, the iron content of brain
and olfactory bulbs were significantly reduced in the
anemic cohort compared to the control rats, 62.8% and
44.4% respectively.
According to previously published research on behaveioral olfactory function, animals detect and discriminate
odors through brief bouts of high frequency sniffing,
which plays an important role in odor information processing [18-22]. Sniffing or exploratory time is therefore a
reliable indicator of olfactory function [25-28]. In our
study, we used both attractive and aversive odorants since
these are associated with different mechanisms of action
in detection and discrimination. General detection and
discrimination of odors occur against an odorous background. On any given inhalation, olfactory receptor neurons will be activated by features of both the target odorant
and features of background stimuli. We used vanillin (200
mg/vial/cage) for enrichment and as a background odorant to habituate rats continuously for 7 days; the vanillin
odorant was completely ignored by all rats after 5 - 7 days.
In the olfactory habituation/dis-habituation tests, iron-defiCopyright © 2012 SciRes.

Figure 6. Iron involvement and mechanism of action in behavioral olfactory functions in anemic rats. In iron deficiency
anemia, enzymatic activities of NOS, TDO, IDO, 3-HAO and
TH enzymes are reduced due to lack of heme or iron as
co-factors. These deficiencies, in turn, reduce self/lateral
inhibition, which increases exploratory time in behavioral
olfactory habituation/dis-habituation, preference and sensitivity tests. ↓ indicates reduced activity, ↑ indicates increased activity.
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instead [29-32]. Chaudhury et al. have shown that mitral
cells adapt to repeated odorant stimulation with 5-min
inter-trial intervals in a time course experiment similar to
that of the behavioral habituation [26]. The histogram
patterns of exploratory time we observed are also comparable to geraniol-evoked electro-olfactogram recordings of
olfactory sensory nerve cells that are subject to nitric oxide
synthase (NOS) inhibition or that are deficient in eNOS
[33]. Iron could be involved in at least three important
functions controlling self and lateral inhibition inputs.
Heme is a cofactor for NOS activity, which mediates exchange of GABA and glutamate through NMDA receptors.
NO is directly involved in glutamate release from olfactory receptor neurons (ORN), mitral and/or tufted cells
which in turn release GABA to exhibit self and lateral
inhibition necessary for olfactory behavior and learning
in animals [34-38]. Iron is also required as a co-factor for
TDO, IDO, and 3-HAO. These enzymes function in the
kynurenine pathway, which is involved in the synthesis
of quinolinic acid known to activate NMDA receptors in
mitral and granule cells [39-43]. In the third mechanism,
iron is required as a co-factor for TH, a key enzyme in
the synthesis of dopamine in dopaminergic-GABAergic
juxtaglomerular neurons (DA neurons) which modulate
the release of glutamate from olfactory receptor neurons
that are involved in presynaptic inhibition of odorant
signal [44-48].
Our findings are further supported by recent studies by
Cheranova et al. [49,50]. These investigators suggest that
heme is necessary for the regulation of NMDA receptors.
Their observations are interesting because Mandarion et al.
[51,52] have suggested that NMDA-dependent plasticity is
involved in the changes in olfactory processing and local
blockade of NMDA receptors blocks the effects of daily
odor enrichment. This simple mechanism may explain the
rather dramatic differences observed for anemic rats and
attractive odorants compared to controls, especially since
local heme levels could be anticipated to be significantly
lower based on the reduced iron content in olfactory
bulbs shown in Figure 1.
Biochemical mechanism and consequences behind these
olfactory functions are illustrated in Figure 6 and are explained as follows. Upon exposure to odorant, the olfactory sensory neuron generates an action potential that is
transduced to mitral cell dendrites in the olfactory glomerulus. Voltage-gated calcium channels open in mitral cell
dendrites, and this calcium influx causes activation of NOS
to release NO, which in turn activates soluble guanylyl
cyclase to produce cGMP. Guanylyl cyclase is not expressed in granule or IJGA (GABAergic cells) cells therefore NO generated in these cells must diffuse to mitral/
tufted cells or the ORN cell to activate guanylyl cyclase
and produce cGMP. Cyclic GMP causes exocytosis of
glutamate from mitral cell dendrites that binds to and
Copyright © 2012 SciRes.

opens NMDA and AMPA receptors on granule cell spines.
This causes depolarization which results in calcium influx
through voltage-gated calcium channels. Calcium elevation in these spines results in γ-aminobutyric acid (GABA)
release to activate GABA receptors on mitral cell dendrites, inhibiting the odor-generated action potentials.
Interestingly, soluble guanylyl cyclase is present in mitral/tufted cells that produce cGMP and release glutamate
to granule/IJGA cells whereas glutamic acid decarboxylase, which produces GABA from glutamate, is found
almost exclusively in GABAergic neurons such as granule/IJGA cells (Figure 6). These cellular arrangements
and synaptic mechanisms mediate the coupling between
mitral/tufted and granule/IJGA cells, and support the
function of inhibitory olfactory bulb circuits [53-57].

5. Conclusion
The present investigation suggests that iron-deficiency
alters olfactory behavior. Iron is a co-factor for NOS, TDO,
IDO, 3-HAO and TH enzyme activities, which control
behavioral olfactory functions by participating in signaling through self and lateral inhibition. Because iron deficiency would decrease these enzyme activities, we speculate this condition promotes reduced self and lateral inhibition. Thus, the odorant signal remains strong for longer
time, prolonging exploratory time when compared with
iron-sufficient control rats. Future experiments are necessary to test this hypothesis, and to further understand
the role of iron in olfaction
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