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Depression, anxiety, and impairments in learning and memory are all associated with traumatic brain injury
(TBI). Because of the strong link between zinc deficiency, depression, and anxiety, in both humans and rodent
models, we hypothesized that dietary zinc supplementation prior to injury could provide behavioral
resiliency to lessen the severity of these outcomes after TBI. Rats were fed a marginal zinc deficient (5 ppm),
zinc adequate (30 ppm), or zinc supplemented (180 ppm) diet for 4 weeks followed by a moderately-severe
TBI using the well-established model of controlled cortical impact (CCI). Following CCI, rats displayed
depression-like behaviors as measured by the 2-bottle saccharin preference test for anhedonia. Injury also
resulted in evidence of stress and impairments in Morris water maze (MWM) performance compared to
sham-injured controls. While moderate zinc deficiency did not worsen outcomes following TBI, rats that were
fed the zinc supplemented diet for 4 weeks showed significantly attenuated increases in adrenal weight
(pb0.05) as well as reduced depression-like behaviors (pb0.001). Supplementation prior to injury improved
resilience such that there was not only significant improvements in cognitive behavior compared to injured
rats fed an adequate diet (pb0.01), there were no significant differences between supplemented and sham-
operated rats in MWM performance at any point in the 10-day trial. These data suggest a role for
supplemental zinc in preventing cognitive and behavioral deficits associated with TBI.
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1. Introduction

Over 1.5 million Americans sustain a traumatic brain injury (TBI)
every year. Additionally, it has been estimated that over 20% of
military personnel returning from the current conflicts in Iraq and
Afghanistan have suffered TBI [1]. Although the mechanisms are not
fully understood, many TBI patients experience long-term cognitive
and behavioral deficits that include memory loss, depression, and
anxiety [2]. In fact, as many as 40% of patients hospitalized with TBI
develop major depression, making this the most common long-term
complication of TBI [3]. Even mild TBI has been recognized as a risk
factor for mood disorders [4].

Treatment options for the cognitive and behavioral consequences
of TBI are limited. While antidepressant drugs are commonly
prescribed, a recent review of the efficacy of this approach reveals
that it is difficult to draw conclusions from the available reports
because of small sample sizes and study designs that vary widely [5].
The lack of clear and effective treatment options have led to the search
for factors that may improve resiliency in the event of a TBI. This
approach would be particularly useful in populations at risk for TBI.

Interestingly, there is a well-documented association between low
serum zinc levels and mood disorders. Not only do patients with
major depression appear to have reduced serum zinc levels, there is
an inverse relationship between serum zinc levels and the severity of
the symptoms of depression [6–8]. Additionally, animalmodels of zinc
deficiency have shown increased depression- and anxiety-like
behaviors [9,10]. These data are particularly striking because we
have known for some time that TBI results in increased urinary zinc
excretion and significantly depressed serum zinc levels. In fact, an
early report showed that urinary zinc excretion was proportional to
the severity of the brain injury with themost severely injured patients
having mean urinary zinc levels that were as high as 14 times normal
values, resulting in rapid zinc depletion [11]. Other work has shown
that following TBI both severe and moderate zinc deficiency result in
increased cell death [12,13].

While supplemental zinc has successfully been employed as a
treatment following TBI to improve visceral protein status and
neurologic outcomes [14], no work to date has tested the use of zinc
to improve resiliency to TBI in humans or experimental models of
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brain injury. Thus, the work reported here was designed to test the
hypothesis that 4 weeks of dietary zinc supplementation would
improve resiliency in a rodent model of TBI known to induce
depression- and anxiety-like behaviors and produce deficits in spatial
memory.

2. Material and methods

2.1. Animal care

Young adult 6 week old male Sprague-Dawley rats (Charles Rivers
Laboratories, Wilmington, MA) were individually housed in tempera-
ture-controlled roomswitha12-hour light-dark cycle. Animalswere fed
a commercially prepared semi-purified diet using zinc carbonate as the
zinc source (Research Diets Inc., New Brunswick, NJ). Rats were fed a
zinc supplemented (ZS, 180 ppm), zinc adequate (ZA, 30 ppm), or
marginal zinc deficient (ZD, 5 ppm) diet for a period of 4 weeks. Body
weight and food intakes were measured weekly. All procedures were
approved by the Florida State University Animal Care and Use
Committee (ACUC).

2.2. Traumatic brain injury

At the end of the 4 week dietary period, TBI was induced by a
controlled cortical impact (CCI) to the medial frontal cortex. Prior to
CCI, rats (n=10/group) were anesthetized using isoflurane gas.
Aseptic procedures were used throughout the surgical procedures and
body temperatures were maintained using a homeothermic blanket.
Following stereotaxic placement and a midline incision, a 6 mm
diameter mid-sagittal bilateral craniotomy 3 mm rostral to bregma
was performed. A 5 mmdiameter pneumatic cortical contusion device
(MyNeuroLab, Inc., Richmond, IL) was used to produce a 3.0 mm deep
contusion using an impact velocity of 2.25 m/s and an impact time of
500 ms [15]. Following TBI, the incision was immediately sutured.
Additional animals (n=5/group) which were anesthetized and
received the midline incision, but not the craniotomy or impact,
were used as sham-operated controls for ZS, ZA and ZD dietary
groups. After TBI or sham surgery, animals were maintained on their
assigned diets throughout the behavioral testing period. Behavioral
testing began 1 week after TBI.

2.3. Elevated plus maze

Anxiety-like behaviors were measured using standard protocols
for elevated plus maze (MedAssociates, Inc., Georgia, Vermont) in
rodents following 4 weeks of diet and again post-TBI (day 20). Rats
(n=8–9/group) were placed in the center of the maze facing the
closed arms and allowed to explore the maze for a period of 5 min
(the reduced number of rats from n=10 in the dietary groups to
n=8–9 reflects the small mortality rate after TBI). The number of
explorations into the open arms and the amount of time spent in the
open arms was recorded for each animal.

2.4. Anhedonia

As a measure of depression-like behavior, the standard two-bottle
choice paradigm for saccharin preference was used to examine the
effect of injury and diet on the development of anhedonia [10].
Anhedoniawas first measured after 4 weeks of the zinc diets, but prior
to injury, and then again after TBI. To eliminate preference for
saccharin due to novelty seeking behavior, rats were first exposed to
two bottles of 0.025% saccharin for 2 days. They were then given a
choice between saccharin and deionized water for a 4 day period; two
days at 0.025% saccharin followed by 2 days at 0.05%. Intake of water
and saccharin were measured daily. To avoid preferences associated
with bottle placement, the position of the bottles was changed daily.
2.5. Morris water maze

Morris water maze (MWM) performance was tested using a
circular tank (diameter 114 cm, height 58 cm) of water filled to a
depth of 30 cm and rendered opaque by the addition of non-toxic
water-based white paint. A square, plexiglass escape platform was
submerged 2 cm below the surface of the opaquewater and located in
the north quadrant 10 cm from the edge of the wall. The platform
remained in the same position throughout testing. Spatial visual cues,
which stayed in the same location throughout the testing period, were
placed on the north, east, and west walls of the tank. Acquisition trials
consisted of two trials per day for 10 days starting postsurgery day
8 and began with a single day of training on day 0 [16]. Rats (n=8–
10/group) were placed in two different locations on each trial (south
and east quadrants) and required to find the hidden platform. If a rat
did not find the hidden platform during the 90-s trial period, it was
then physically guided to the platform and placed on it for a period of
20 s. Following completion of the second trial each day, the rat was
dried and returned to its home cage. Time to find the hidden platform
was recorded for both trials and averaged for analysis.

2.6. Brain zinc

Seventy-two hours after brain injury, rats (n=3/group) were
killed by CO2 asphyxiation followed by decapitation. Tissue was
collected from both the hippocampus and site of cortical injury and
weighed (wet weight). Tissue samples and blanks were digested in a
concentrated trace metal free nitric acid and diluted in 4% nitric acid
and diluted for measurement of total zinc concentrations by
inductively coupled plasma mass spectrometry (ICP-MS) on a
Finnigan Element-1 ICP-MS at the National High Magnetic Field
Laboratory [17].

2.7. Adrenal gland weight

Three days after the completion of behavioral testing, rats were
killed with CO2 asphyxiation followed by decapitation and bilateral
adrenal glands removed and weighed.

2.8. Statistical analysis

All data were expressed as the mean±SEM and statistical
significance was set at pb0.05 with 95% confidence (Prism; GraphPad,
San Diego, CA). All behavioral data was analyzed by one-way ANOVA
with a Bonferroni post-hoc test except MWM which was a two-way
ANOVA repeated measures. A two-way ANOVA was used to analyze
brain zinc concentrations followed by a Bonferroni post-hoc test.

3. Results

3.1. Body weight and food intake

Examination of longitudinal food intake revealed that dietary zinc
(ZS, ZA, or ZD) did not alter food intake during the 4 week dietary
period (Fig. 1A). At weeks 3 and 4, mean body weight of ZD animals
was approximately 5% lower than ZA controls (pb0.05, Fig. 1B).
However, at no point during the dietary treatment were mean body
weights of ZS animals significantly different from ZA controls.

3.2. Anxiety

Marginal zinc deficiency significantly increased anxiety-like
behaviors in uninjured rats (pb0.05, Fig. 2). Rats fed the ZD diet
showed an approximately 50% reduction in the time spent in the open
arms compared to ZA controls. Four weeks of zinc supplementation
did not change the amount of time spent in the arms.



Fig. 1. Effect of diet on food intake and body weight. Rats were fed a zinc supplemented
(ZS, 180 ppm), zinc adequate (ZA, 30 ppm), ormarginal zinc deficient (ZD, 5 ppm)diet for
4 weeks. (A) Food intake (g) was measured weekly. Bars indicate mean±SEM. (B) Body
weight (g) was measured weekly. Bars indicate mean±SD.

Fig. 3. Effect of zinc supplementation on anxiety-like behavior following traumatic
brain injury. Rats were fed a zinc supplemented (ZS), zinc adequate (ZA), or a marginal
zinc deficient (ZD) diet for 4 weeks and then subjected to injury or sham surgery (Sham).
Sham-operated controls were fed the ZA control diet. Anxiety-like behaviorsweremeasured
for 5 min using an elevated plusmaze and quantified by (A) the amount of time (s, seconds)
spent exploring the open arms and (B) the number of explorations into the open arms. Bars
represent mean±SEM.
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Injury resulted in increased anxiety, with ZA injured animals
spending 41% less time in the open arms (pb0.05) and 42% fewer
crosses into the open arms (pb0.05) compared to ZA sham-operated
controls. Fig. 3 shows that while not statistically significant, there
were trends toward reduced time in open arms and number of entries
in zinc deficient TBI animals, while supplemented animals showed a
trend toward increased time and crosses (Fig. 3).

Bilateral adrenal glands weights, expressed as a function of total
body weight, were not significantly different in ZS, ZA, or ZD sham-
operated rats (0.116±0.007, 0.091±0.008, 0.105±.006, respectively).
However, injury increased relative adrenal weight by 60% compared to
Fig. 2. Marginal zinc deficiency induces anxiety-like behavior. Rats were fed a zinc
supplemented (ZS), zinc adequate (ZA), or marginal zinc deficient (ZD) diet for
4 weeks. Anxiety-like behavior was quantified using an elevated plus maze by
measuring the amount of time (s, seconds) spent in the open arms during a 5 min
trial. Bars indicate the time spent in the open arms (mean±SEM). *Significantly
different from zinc adequate controls at pb0.05.
ZA control shams (pb0.05, Fig. 4). Zinc supplementation prevented the
injury-induced increases in adrenalweight such that ZS adrenalweights
were not significantly different from sham-operated controls (Fig. 4).
Fig. 4. Effect of zinc supplementation on relative adrenal gland weight in traumatic
brain injury. Rats were fed a zinc supplemented (ZS), zinc adequate (ZA), or a marginal
zinc deficient (ZD) diet for 4 weeks followed by either injury or sham surgery (Sham).
Sham-operated controls were fed the ZA control diet. Bilateral adrenal gland weight
was measured for each group and normalized to body weight. Bars indicate relative
bilateral adrenal gland weight (mean±SEM). *Significantly different from sham-
operated rats at pb0.05.
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3.3. Anhedonia

Prior to TBI or sham surgery, 4 weeks of dietary treatment resulted
in no significant changes in the preference for saccharin in the two-
bottle test. Similarly, in sham-operated controls, mean saccharin:
water intake ratios were not different (ZA Sham vs. ZS Sham vs. ZD
Sham). However, the preference test revealed that TBI significantly
increased depression-like behavior in ZA animals (pb0.0001, Fig. 5).
While the ZD diet did not result in a worsening of this behavior,
4 weeks of zinc supplementation prior to TBI completely abolished
the appearance of anhedonia after injury (Fig. 5).
Fig. 6. Effect of zinc supplementation on Morris Water Maze (MWM) performance
following traumatic brain injury. Rats were fed a zinc supplemented (ZS), zinc adequate
(ZA), or marginal zinc deficient (ZD) diet for 4 weeks and then subjected to either an
injury or sham surgery (Sham). (A) Effect of zinc diets (ZS, ZA, or ZD) on MWM
performance in sham-operated controls. (B) Effect of diet and injury on MWM
performance. Individual points are time (s) to hidden platform (mean±SEM). #ZA and
ZD injured rats are significantly different than sham-operated controls at pb0.001. *ZA
injured rats are significantly different than ZS injured rats at pb0.01.
3.4. Morris water maze performance

Morris water maze testing over a 10-day period revealed that the
level of dietary zinc had no significant effect on the time it took sham-
operated controls to find the hidden platform in the MWM task
(Fig. 6A). However, there was a significant interaction between diet
and injury (pb0.001, DF=27, F=2.22). Direct comparisons of ZA
Sham and ZA injured rats revealed significant impairments in MWM
performance on testing days 1 and 2 such that injured rats took
significantly longer to find the hidden platform (pb0.05). Similarly,
ZD injured rats showed a significant increase in the amount of time
spent finding the hidden platform on days 2 and 3 compared to ZD
sham-operated controls (pb0.05). However, when ZS Sham controls
were compared to ZS injured rats, no significant differences were
found between the groups during the 10 day MWM testing period.

Because data from ZS, ZA, and ZD sham-operated controls were not
different, Fig. 6B shows an analysis of MWM performance using
pooled sham data. With only a single day of training (day 0), all sham-
operated control rats were able to find the hidden platform. Traumatic
brain injury impaired MWM performance (Fig. 6B). On the first day of
testing, sham-operated controls were able to find the platform within
26±5 s; whereas injured ZA rats took 57±12 s to find the hidden
platform (pb0.001). These differences were maintained through the
first 3 days of MWM testing. While zinc deficiency did not
significantly alter MWM performance, dietary zinc supplementation
prior to injury improved resilience such that on days 1 and 2 of MWM
testing ZS injured rats showed a significant reduction in the amount of
time spent finding the hidden platform compared to both ZA and ZD
injured rats (pb0.05). Moreover, there was no significant difference
between ZS and sham-operated control rats in the amount of time to
platform at any time point during the 10 day MWM testing period.
Fig. 5. Zinc supplementation improves depression-like symptom anhedonia following
traumatic brain injury. Rats were fed a zinc-supplemented (ZS), zinc adequate (ZA), or
marginal zinc deficient (ZD) diet for 4 weeks and then subjected to either an injury or
sham surgery (Sham) and intake ratios were measured. Bars represent intake ratios of
saccharin to water over a 4-day period (mean±SEM). Bars with different letters are
significantly different at pb0.0001.
3.5. Brain zinc

Given the behavioral changes associated with zinc supplementa-
tion, we analyzed hippocampal zinc concentrations as well as zinc
levels found in the cortical region surrounding the site of injury in
injured and sham-operated controls. Comparison of ZA Sham and ZA
injured rats showed that there were no changes in zinc concentrations
in the frontal cortex or hippocampus associated with injury (Fig. 7).
However, dietary supplementation increased the zinc concentration
in the hippocampus by approximately 30% (pb0.05, Fig. 7B).
Curiously, this increase was eliminated after TBI in zinc supplemented
rats (Fig. 7B).

4. Discussion

There has been much debate about whether zinc is neuroprotec-
tive or neurotoxic following traumatic brain injury. Free zinc
accumulation leading to neuronal death has been reported in animal
models of TBI. The current work showed that zinc supplementation
increased total hippocampal zinc, which appeared to be lost after
injury. It is not clear if the post-injury reductions in zinc supplemen-
ted animals is the result of shifts in free zinc pools. Thus, future work
will be needed to determine the significance of these findings and to
examine the effect of zinc supplementation on free zinc in this region
of the brain before and after injury. This work is needed because there
is a significant amount of debate about the role of this form of zinc
after injury. Both in vivo and in vitromodels have shown that chelation
of free zinc with CaEDTA resulted in reduced cell death in the dentate
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Fig. 7. Effect of zinc supplementation on brain zinc concentration following traumatic
brain injury. Rats were fed a zinc supplemented (ZS) or zinc adequate (ZA) diet for
4 weeks followed by TBI or sham surgery (Sham). (A) Effect of ZS on zinc levels at the
site of cortical injury. (B) Effect of ZS on zinc levels in the hippocampus. Bars represent
the mean±SEM. *Significantly different than ZA sham-operated controls at pb0.05.
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gyrus of the hippocampus following injury [18, 19]. However, this
chelation treatment did not result in improvements in spatial memory
deficits after brain injury generated by fluid percussion [20]. In
contrast, others have reported zinc supplementation as beneficial
following injury in both animals [13] and humans [14].

Thus, the available data suggest that behavioral outcomes are
improved by zinc supplementation after TBI. These data led to the
hypothesis that dietary zinc supplementation prior to injury could be
used to improve behavioral resiliency to TBI. Specifically we tested the
possible use of a zinc supplemented diet to improve measures of
stress including anxiety-like behaviors and adrenal weight, as well as
depression-like behavior, and spatial memory.

4.1. Anxiety

Within 10 days of starting a severely zinc deficient diet, rodents
are known to develop anorexia that is characterized by a 4-day
feeding cycle. These animals also develop anxiety–like behaviors
[9, 10]. In the work reported here, marginal zinc deficiency was
induced. As previously reported [13], this diet did not result in
anorexia. However, it did result in the development of anxiety. Thus,
these data show that marginal zinc deficiency, which is more common
than severe deficiency in the general population, may contribute to
the development of anxiety.

In the TBI model, significant increases in adrenal weight following
injury, combined with evidence of increased anxiety-like behavior,
suggest that zinc deficiency may increase stress-related anxiety. This
is troubling given reports showing that at least 10% of the US
population consumes less than half the Recommended Dietary
Allowance (RDA) for zinc and may be at risk for moderate zinc
deficiency, as reviewed by Cope and Levenson, 2010 [21]. This risk is
also high in severe environmental conditions and high intensity
exercise that may increase urinary zinc losses by 20–40% [22].
4.2. Depression

Numerous human studies have documented the association
between low serum zinc and depression. Not only do patients with
major depression have decreased serum zinc levels compared to non-
depressed controls, more importantly, it appears the lower the serum
zinc, the more severe the symptoms of depression [6–8]. Additionally,
treatment-resistant patients appear to have even lower levels of zinc
[7] and zinc supplementation has been shown to improve antide-
pressant drug efficacy [23].

Given the link not only between zinc deficiency and depression, but
also the strong link between TBI and depression, we sought to determine
the extent to which dietary zinc supplementation could prevent the
development of depression-like symptoms after brain injury. The model
we used to test this hypothesis produced the clear development of
depression-like symptoms (significant anhedonia) that was prevented
by zinc supplementation. These data suggest that in addition to the need
to maintain adequate zinc after injury, there may be a protective role for
zinc supplementation prior to injury in populations at risk for TBI.

4.3. Morris water maze performance

While zinc deficiency during pregnancy and lactation causes long-
lasting cognitive dysfunction in offspring [24], our data confirm
previous reports showing that zinc deficient diets do not significantly
impair learning and memory in otherwise healthy adult rats [25]. We
show that marginal dietary zinc deficiency does not exacerbate the
cognitive impairment associated with TBI. Future work will be needed
to determine if subjecting these animals to a more difficult task after
injurywill reveal an effect of zinc deficiency.What is clear, however, is
that zinc supplementation prior to injury significantly improved
MWM performance after TBI and enabled ZS animals to perform as
well as uninjured, sham-operated controls. Because improved MWM
performance has been correlated to improvements in spatial learning
and memory, the mechanisms responsible for the robust effect
reported here need to be elucidated.

5. Conclusions

The data presented here show for the first time that 4 weeks of
dietary zinc supplementation significantly improves behavioral resilien-
cy in a ratmodel of frontal cortex injury.Not onlywere there indicators of
reduced anxiety (adrenalweight changes), therewere clear reductions in
depression-like behaviors and improvements in cognitive outcomes.
Future work will be needed not only to determine the extent to which
zinc can be used in human populations at risk for TBI, but also to
determine the optimal amounts of dietary zinc supplementation needed
to improve resiliency. Furthermore, because this work used zinc
supplementation before and after the injury, studies will be needed to
determine the extent to which zinc supplementation can be used after
injury (zinc treatment) to improve behavioral outcomes.
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