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ABSTRACT 
 
 
 

INTRANASAL ZINC REMEDIATES DAILY ACTIVITY DEFICITS FOLLOWING 
STRESS AND TRAUMATIC BRAIN INJURY 
 
Erin N. Doherty, M.A. 
 
George Mason University, 2020 
 
Thesis Director: Dr. Jane M. Flinn 
 
 
 
Mild traumatic brain injury (mTBI) has become the “signature wound” of the military 

population in recent combat operations. Repeated mTBI (rmTBI) produces long-term 

cognitive and behavioral deficits, including irregular circadian rhythm (CR). This can be 

exacerbated by the high-stress environment experienced by service members. This study 

employed a mouse model to examine the behavioral effects of rmTBI with chronic 

variable stress (CVS) on daily circadian activity. In addition, we tested the hypothesis 

that rmTBI + CVS effects would be ameliorated by supplemental zinc, a biometal that is 

known to be reduced in the brain following head trauma. Six-week old mice received two 

varied stressors (e.g., food deprivation, physical restraint, ice bath, predator urine) each 

day for 14 days. Four closed-head mild TBIs were concurrently administered, with each 

injury immediately followed by either intranasal zinc treatment or a vehicle control 

(saline solution). Mice underwent behavioral testing that assessed daily activity via 24-

hour wheel-running activity for seven days, and by consecutive Morris water maze 

(MWM) testing for indices of spatial learning and anxiety. A significant interaction was 

found between stress and zinc in daily activity (F(1.42, 56.82) = 3.610, p = .048). 



Stressed mice given vehicle treatment showed a significant deficit in wheel-running 

activity at the beginning of the dark cycle, but when zinc was administered, the deficit 

was corrected and activity for stressed mice nearly doubled. For non-stressed mice, zinc 

resulted in decreased wheel-running activity. MWM performance yielded consistent 

results, as the stressed-zinc group had the greatest number of platform crossings (F(1,39) 

= 4.207, p = .047) and reduced thigmotaxis (F(1,39) = 3.222, p = .034) compared to all 

other groups. Together, these findings suggest that zinc reduced behavioral deficits 

depending on the level of stress experienced with rmTBI, and that zinc may be 

efficacious under conditions of chronic stress. Additionally, zinc treatment increased 

TrkB receptor phosphorylation in the hippocampus in rmTBI animals, suggesting a TrkB-

mediated neuroprotective mechanism for zinc’s effect in stressed mice. 
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INTRODUCTION 
 
 
 
Traumatic Brain Injury 

Approximately 10 million people are affected by traumatic brain injury (TBI) every year 

(Hyder et al., 2007). Most frequently, military service personnel are exposed to repeated 

low-level blasts from improvised explosive devices, typically leading to mild-type TBI 

(mTBI) (Chandra & Sundaramurthy, 2015). For this reason, mTBI persists as the most 

common injury among U.S. service members and has quickly come to be known as the 

“signature injury” of the wars in Iraq and Afghanistan (Hoge et al., 2008). 

 Despite most blast-related TBIs being relatively mild, service members are at risk 

for sustaining repeated concussive injuries as they navigate through combat environments 

with wide-ranging blast pressure waves (Clark et al., 2018). A report from the Center for 

a New American Security (Fish & Scharre, 2018) suggests that repeated firing of heavy, 

shoulder-mounted weapons can also impose multiplicative damage on the brain, 

associated with transient impairments in cognition. Presently, it is documented that the 

damage from multiple repeated injuries has a cumulative effect on the brain (Slemmer et 

al., 2002). 

TBI and Circadian Rhythm 

Dysregulation of circadian rhythm (CR) is a common outcome in patients recovering 

from TBI (Zhanfeng et al., 2019). Previous research has demonstrated the cognitive 

deficits that follow TBI are closely linked to injury-induced circadian irregularities, as 

cognitive and memory dysfunction are correlated with impaired circadian rhythms in the 
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rodent hippocampus (Boone et al., 2012). The relationship between executive 

dysfunction and aberrant CR may be attributed to an overlap in molecular signaling 

cascades: cAMP, MAPK, and CREB proteins that underlie memory formation also 

mediate circadian clock regulation (Eckel-Mahan et al., 2008). 

 To compound this, TBI alone has also been found to induce disruptions in innate 

CR. Boone et al. (2012) attribute this to aberrant circadian gene expression in the 

suprachiasmatic nucleus and hippocampus: dysregulation of circadian clock genes Bmal1 

and Cry1 (that are necessary for regular circadian timing) is common among TBI 

survivors. In turn, TBI research on injured rats with this dysregulation in circadian gene 

expression revealed disruptions in locomotor activity over a 48-hour period (Boone et al., 

2012). Irregularities in CR have been documented to ultimately worsen TBI-related 

behavioral deficits and inhibit hippocampal neurogenesis (Li et al., 2016). This suggests 

that it is especially crucial that TBI patients maintain a regular CR to prevent the 

exacerbation of poor health outcomes.   

TBI and Stress 

In addition to TBI, U.S. military personnel are at high risk for chronically elevated stress. 

Service members are exposed to a high number of varied stressors, such as combat, 

terrorist attacks, violence, sexual assault, or serious injury (Reisman, 2016). Soldiers who 

experience a traumatic wartime event (including but not limited to TBI) may be 

susceptible to post-traumatic stress disorder (PTSD). In particular, high comorbidity rates 

of TBI and psychiatric stress disorders have been found in U.S. soldiers returning from 

recent combat operations in Afghanistan and Iraq (Hoge et al., 2008).   
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Stress and CR 

Research has discerned a link between the stress response systems and functioning of the 

circadian clock, as the neurobiological pathways interact closely with one another (Koch 

et al., 2016). Physiological sensitivity to and rhythmic release of glucocorticoids (the 

hormone linked to stress response) are regulated by circadian clock genes (Landgraf et 

al., 2014). A high level of glucocorticoids is known to be neurotoxic to the 

hippocampus—a brain region implicated in PTSD—due to its rich concentration of 

glucocorticoid receptors (Sapolsky, 1985; Logue et al., 2016). Disruption in circadian 

clock genes also perturbs glucocorticoid activity in brain areas that are vulnerable to 

stress. In mice, for example, dysregulation of CR leads to increased fear conditioning as a 

result of greater corticosterone release (Loh et al., 2010). Inversely, the resulting 

disruptions in sleep/wake cycles can also contribute to elevated stress. 

Zinc and the Nervous System 

As one of the most abundant trace metals in the central nervous system (second only to 

iron), zinc is necessary for normal brain functioning, gene expression, cell signaling, and 

enzymatic activity (Gower-Winter & Levenson, 2012). The highest levels in the brain are 

in the hippocampus (Frederickson & Danscher, 1990; Levenson et al., 2011). Zinc finger 

proteins have also been found to be involved in neurogenesis throughout the 

hippocampus, which is largely responsible for spatial memory (Xie et al., 2010). For this 

reason, zinc is implicated in learning and memory processes as well as regulation of 

mood and emotion. Earlier studies have reported correlations between zinc deprivation 

and adverse behavioral side effects, such as enhanced depressive- and anxious-type 
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behaviors (Whittle et al., 2009). Zinc-deficient rats performing the Morris water maze 

task have also shown impaired ability of attention, learning, and memory in finding the 

platform, corresponding to increased apoptosis in hippocampal neurons (Yu et al., 2013). 

To further substantiate the effect of zinc, the researchers found that this deficiency-

induced cell death was reversed when rats were treated with zinc supplementation. 

However, zinc has also been found to impair learning and memory (Flinn et al., 2005; 

Chrosniak et al., 2006). It is still highly disputed whether the role of zinc is neurotoxic or 

neuroprotective for conditions affecting the brain (Levenson, 2005; Maret & Sandstead, 

2006; Sensi et al., 2011). Despite zinc’s ambiguous role, several studies have 

demonstrated an unequivocal relationship between zinc and brain injury (Doering et al., 

2010; Cope et al., 2012; Lucke-Wold et al., 2018), with TBI resulting in significant 

depletion of serum zinc. Following injury, zinc is shown to be excreted in the urine, with 

TBI severity being directly proportional to the amount of zinc excretion (McClain et al., 

1986).  

 It follows that supplementing zinc may be useful in restoring the losses that 

follow TBI to improve neurological impairments (Young et al., 1996). Findings by 

Morris & Levenson (2013) support zinc supplementation for treating adverse symptoms 

associated with TBI, including depression and cognitive impairment. Furthermore, many 

studies have found synaptic zinc to be a requisite for increases in neurogenesis in the 

rodent hippocampus after TBI. For example, depletion of zinc leads to a significant 

reduction in post-TBI cell proliferation and neurogenesis, when compared to animals 

with normal zinc availability (Levenson & Morris, 2011; Choi et al., 2017). 
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 Additionally, zinc is shown to be helpful in mitigating poor health outcomes, such 

as inflammation and suppressed immune responses that are typical of chronic stress 

(Gammoh & Rink, 2017). Similar to TBI patients, individuals with high psychological 

stress (i.e., anxiety disorders) have significantly decreased zinc availability in plasma 

levels, but with chronic zinc supplementation, anxiety symptoms are significantly 

improved (Russo, 2011). Zinc homeostasis is essential for cell maturation, cell 

differentiation, and proper immune functioning (Wessels, Maywald, & Rink, 2017). As 

TBI and chronic stress are related to compromised zinc levels in the nervous system, it is 

critical that individuals prone to a combination of injury and stress (i.e., military 

personnel) restore zinc loss to prevent further deleterious effects.  

TrkB and BDNF 

The neuroprotective effects that follow zinc supplementation may be closely related to 

the role that zinc takes in the activation of the tyrosine receptor kinase B (TrkB) 

pathways. TrkB is a receptor for brain-derived neurotrophic factor (BDNF) (Minichiello 

et al., 1999). When bound to TrkB, BDNF is known to trigger intracellular cascades that 

are linked to neuronal cell survival, dendritic stabilization, and long-term synaptic 

plasticity (Squinto et al., 1991; Klein et al., 1991; Yasuda et al., 2006). However, 

proBDNF—the precursor to mature BDNF—has a noted antithetical effect on cellular 

processes, as it is associated with neuronal apoptosis and long-term depression in the 

hippocampus when bound to nerve growth factor receptors (Teng et al., 2005; Woo et al., 

2005). Furthermore, proBDNF levels are found to be elevated following central nervous 

system damage, resulting in cell death (Jansen et al., 2007).  
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 To counter this, zinc binds to metalloproteinases and cleaves proBDNF to mature 

BDNF (Hwang et al., 2005). There is evidence that activation of TrkB pathways are 

neuroprotective after injury, and exercise following TBI has been correlated with 

recovering the cognitive deficits (i.e., spatial memory) due to increased BDNF activity 

(Wu et al., 2014; Griesbach et al., 2009). It is also possible for zinc to promote TrkB 

activation independent of BDNF binding by instead upregulating Src kinase activity as a 

separate mechanism for neuroprotection (Huang & McNamara, 2010). This BDNF-

independent activation of TrkB receptors is the result of a zinc-induced intracellular 

cascade that ends with the autoinhibition of a Src kinase, which then phosphorylates 

TrkB (Huang et al., 2008). 

Intranasal Administration 

The use of enteral drug administration (i.e., oral consumption of zinc in food or water) is 

at a disadvantage when being studied during the acute window following TBI, as these 

drugs must firstly be taken up by the gastrointestinal tract before being absorbed into the 

body, which delays the effect of treatment (Neve et al., 1991). In addition to slowed 

onset, the absorption of orally administered zinc may be unpredictable due to degradation 

by stomach acid and enzymes. This phenomenon, known as first-pass metabolism, results 

in zinc’s decreased bioavailability and a decreased therapeutic response. Cope et al. 

(2012) also indicated that zinc transporters in the digestive system (required for delivery 

of zinc across the blood-brain barrier) are less effective after TBI, adding to the oral route 

being a poor method for administering zinc treatment. Our study sought to bypass this 

effect by administering zinc intranasally to deliver rapid drug absorption via the highly-
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vascularized mucous membrane, providing faster onset of action and improved 

bioavailability. When comparing intranasal and intraperitoneal zinc treatment, Persson et 

al. (2003) noted that zinc concentration was significantly higher in all areas of the brain 

except the cerebellum following intranasal deliver than with intraperitoneal. Therefore, it 

follows that intranasal is an optimal route of administration when considering the 

necessity of rapid delivery to the brain and an effective therapeutic response during the 

acute window that follows brain injury.  

 Our study investigated how the use of intranasal zinc as a therapeutic can 

moderate long-term effects of chronic stress on repeated mild traumatic brain injuries. To 

research behavioral outcomes of the drug, daily circadian activity and spatial memory 

were assessed in chronically stressed mice with rmTBI. Measures were then conducted to 

assess zinc and protein alterations in the brain, with a flurogenic Zn2+ reporter (Zinpyr-1) 

and western blot analyses of the BDNF/TrkB pathways, respectively. 
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METHODS 
 
 
 
Animals 

All procedures involving animals were reviewed and approved by the Institutional 

Animal Care and Use Committee at George Mason University (Fairfax). C57BL/6J mice 

(N = 43) were obtained from The Jackson Laboratory and housed in the university 

vivarium. This strain is commonly used in neurotrauma research and is practical for 

studies that do not necessitate transgenic animals. Animals were not singly-housed, as 

social isolation may cause disproportionate stress. Mice were provided enrichment 

(running wheels, igloos, nyla bones) with access to food (Teklad unautoclaved 7012 diet) 

and water ad libitum. Colony housing and testing rooms maintained a 12-hour light/12-

hour dark cycle. Four groups of mice were studied, with respective sample sizes shown in 

Table 1. 

 

Table 1 Experimental Groups and Conditions 

 TBI + Zinc TBI + Vehicle Total 

Stressed 11 11 22 

Non-Stressed 10 11 21 

Total 21 22 43 
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Materials and Procedure 

At six-weeks of age, half of the mice were randomly assigned to a stressed group and 

subjected to one week of chronic variable stress (CVS). The following week, all stressed 

and non-stressed mice received four mTBI with a 48-hour inter-injury interval. Stressed 

mice were administered a second week of varied stressors concurrently with the four 

mTBI. Half of the mice in the stressed and non-stressed groups were then randomly 

selected and administered intranasal zinc treatment immediately after each TBI, while the 

remaining half was given a vehicle control. After concluding the rmTBI and CVS 

protocol, behavioral assays were conducted with 7 consecutive days of daily activity 

(DA) testing, followed by a 7-day Morris water maze paradigm. Upon completion of 

behavioral testing, mice were sacrificed with CO2, total protein extracted, and protein 

(Western) blots were performed to examine levels of TrkB, Phosphorylated TrkB 

proteins in the brain, and proBDNF and mature BDNF proteins. To ensure the presence 

and binding of zinc following intranasal administration, Zinpyr-1 staining was used to 

detect fluorescence of free-zinc in hippocampal slices. The timeline of all experimental 

procedures is shown in Figure 1. 
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Figure 1 Experimental Timeline 

Note. Timeline of study using chronic variable stress (CVS) in Weeks 1 and 2 for the 
stressed condition. Week 2 introduces four sessions of mild traumatic brain injury 
(mTBI) followed immediately with either intranasal zinc or control treatment (Tx), with a 
48-hour interval. Daily activity (via wheel-running) and Morris water maze (MWM) 
testing was conducted in Week 3 and Week 4, respectively. Following behavioral tests, 
post-mortem analyses were conducted starting in Week 5. 
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Chronic Variable Stressors 

Mice in the stress condition received a varied rotation of 8 different stressors, with two 

different stressors executed each day, for a period of 14 consecutive days. Each stressor 

has been validated in published CVS protocols (Lopez et al., 2011; Zhang et al., 2015). 

Any modifications to the tested stressors are based on viability of the procedure and 

accessibility of materials. Stressors were alternated between their daily presentation to 

prevent mice from acclimating to the given stimulus.  

Orbital Shaker: For one hour, the animals’ home cage was positioned on top of an orbital 

shaker, agitating the cage at a speed of 150 rotations per minute. 

Cold Swim: For five minutes, mice were individually forced to swim in a container of 

15°C water.  

Bottle Restraint: For one hour, mice were individually restrained in a 50 ml conical 

falcon tube. The tube limits any mobility of the mouse, making the experience very 

stressful.  

Strobe Light and Static Noise: For one hour, mice were exposed to a white strobe light 

and 100 decibels of white noise produced by a non-functioning radio channel.  

Daytime Deprivation: For eight hours, all food, bedding, water, and enrichment (i.e., 

igloos and toys) was removed from the home cage. This was only done starting in the 

morning rather than overnight, with its completion time coinciding with the start of the 

next stressor. 

Rat Bedding: A perforated tube containing soiled rat bedding was placed into each home 

cage for the entirety of time leading up to the next stressor. Cages subjected to this 
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stressor were placed outside of animal housing rooms so that no other animals were 

affected by the odor, with clean cages provided after completion. To avoid disturbing 

hormonal balances, male mice were only subjected to male rat bedding and female mice 

received female rat bedding. This stressor has been modified from the procedure used by 

Patterson et al. (2010), in which mice were transferred to a cage that rats were previously 

in.  

Predator Urine: A perforated tube containing bobcat urine (purchased from 

predatorpee.com) was placed into each home cage. Like the rat bedding stressor, the tube 

remained in the cage until the start of the next stressor. Cages subjected to this stressor 

were placed outside of animal housing rooms so no other animals were affected by the 

odor, with clean cages provided afterward. 

Wet Cage: Each home cage was flooded with 800 ml of room temperature water, 

supplied by the Edstrom lixit watering system. All bedding remained thoroughly soaked 

until the start of the next stressor, upon which a clean cage was provided. 

CCI TBI Device 

To induce reproducible mTBI with closed-head injury, the Flinn Laboratory uses the 

Impact One Stereotaxic Impactor for CCI developed by Leica, with the addition of a 

dropping platform. Before injury, the mouse was sufficiently anesthetized with isoflurane 

until they were non-responsive to forceful pinching of the tail or paw. Under anesthesia, 

the mouse was then placed on a small platform raised six inches above the stereotaxic 

base, with the center of impact being positioned on the scalp midline between bregma 

and lambda. CCI parameters have a preset velocity of 3.0 m/s to a cortical impact depth 
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of 3 mm. The baseline point of contact is determined by firstly lowering the extended 

impactor probe to the cortex. The impactor tip was then retracted and impact depth is 

adjusted by lowering the impactor depth by 1.0 mm. At this point, the mouse was 

removed from anesthesia for 30 seconds followed by the injury impact. As designed, 

when force is applied to the skull during impact, the hinged platform drops downward 

through a 90° angle, causing the mouse to fall six inches onto a foam pad below. The 

dropping of the platform permits a non-compressive injury while emulating a fall that is 

seen in human mTBI. This procedure was followed for each of the four mTBI with a 48-

hour inter-injury interval. 

Intranasal Zinc  

For each day of zinc treatment, a fresh solution of 400 ppm zinc was made by diluting 

10,000 ppm zinc with water as follows: 0.4 ml of 10,000 ppm zinc was diluted with 9.6 

ml of distilled water, and then pH balanced with 0.12 mg of sodium bicarbonate. While 

mice were still anesthetized, intranasal treatment was administered immediately after 

falling from the TBI platform. The 4% zinc solution or vehicle control (saline) was 

dispensed in a 10 µl insufflation—delivered via pipette directly outside of the nare—to 

administer a dose of .4 µl zinc per mouse for each treatment, given every other day (see 

Figure 1 for timeline). 

Daily Activity Testing 

For the first day of daily activity (DA), animals were moved from colony housing to 

singly-housed cages, so data could be accurately attributed to individual activity. Each 

DA cage was equipped with a running wheel and directly connected to Actimetrics 
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Clocklab software for a continuous recording of each mouse’s total wheel rotations at 

each hour. Consistent with animal housing rooms, the testing room was maintained on a 

12-hour light/12-hour dark cycle, with light onset at 8 A.M. and offset at 8 P.M. Light 

offset/onset is also denoted in zeitgeber time (ZT) based on the 12:12 light:dark cycle, so 

that the 24-hour period starts with light offset at ZT 0 and onset commences at ZT 12 (see 

Figure 2). Based on procedures of a previous study (Graybeal et al., 2015), mice were 

singly-housed in DA testing for a period of seven days, excluding data from Day 1 and 

Day 7 to omit collection errors during experimental set-up and take-down. DA data from 

the median five days of the testing period were quantified by the mean wheel rotations 

for each hour of a 24-hour day. At the conclusion of the seven-day period, animals were 

returned back to their original colony housing with cage mates. 

 A three-way mixed ANOVA was conducted to analyze the within-subjects effects 

of time and between-subjects effects of stress and zinc on average daily activity. Because 

Mauchly’s test indicated that sphericity was violated for the repeated measures variable 

of time, degrees of freedom were corrected using the Greenhouse-Geiser estimates of 

sphericity (ε = .129). 

Morris Water Maze  

The Morris water maze (MWM) is designed to assess spatial memory, a function of the 

hippocampus. Animals learn the location of a hidden escape platform relative to four 

visual cues positioned around the pool area. A four-foot diameter pool, surrounded on all 

sides by white curtains with a distinctive cue on each side, was used for this task. This 

test has been used for many TBI studies in the past and has been found to be reliable and 
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valid (Hellmich et al., 2008; Zuckerman et al., 2017; Marschner et al., 2016; Deng-

Bryant et al., 2016). The MWM task assessed for several variables of interest, including 

1) latency, which is the average amount of time required by each animal to locate the 

escape platform, 2) the number of crossings over the platform target area, and 3) 

thigmotaxis. 

Thigmotaxis is considered a measure of anxiety (Herrero et al., 2006), and is 

defined as the percentage of time spent swimming in the outermost 10% of the pool 

closest to the wall. Thigmotaxis is seen in mice due to the fact that when placed in a new 

environment, mice prefer to remain close to the walls instead of within the open field. 

However, this gradually decreases as time goes on. MWM has been used in numerous 

studies (Flinn et al., 2005; Railey et al., 2010; Santacruz et al., 2005) and while it is 

mildly stressful to mice for a short period of time, it also encourages them to reach the 

goal of finding the platform. 

Testing took place over a period of 7 days. Training days 1, 3, and 5 consisted of 

3 trials/day with a fixed position for the platform. The platform was approximately 1 cm 

under water so that it could not clearly be seen (i.e., the mouse must use visual cues 

around the pool to remember the platform’s location). Days 2, 4, and 6 also entailed 3 

trials/day, with the difference being that the third trial of the day uses an “Atlantis” 

platform. For the “Atlantis” probe, the platform is completely submerged (and therefore 

unreachable) in order to examine further spatial aspects of the reference memory task, as 

mice can now be observed crossing over the target area where the platform previously 

was. All trials persisted for 60 seconds, with a 45 second inter-trial interval. Day 7 
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consisted of one visual platform trial, in which the platform is shown above the water and 

a tall plastic flag is placed on the platform. This is to ensure that no motor or vision 

deficits were present, with any mice discovered to have deficits being removed from the 

study. One three-way mixed ANOVA was conducted to analyze each of the following 

MWM tasks: (1) latency time to platform, (2) number of platform crossings, and (3) 

percent of time spent near walls (outer 10% of arena). 

Western Blots 

After the completion of MWM testing, mice were sacrificed with CO2 for brain 

extraction. Between each cohort, all brains were harvested at approximately 5 P.M. to 

maintain consistencies in daily protein levels. The cerebellum and left hemisphere were 

removed from each brain, with the right hemisphere being kept and homogenized in a 

cell lysis buffer (20 mM Tris HCl solution, Halt™ Protease/Phosphatase Inhibitor 

Cocktail). Homogenized tissue samples were then centrifuged for extraction of liquid 

supernatant. A BCA assay was used to determine total protein needed from each sample 

to be used for gel electrophoresis. Individual samples were prepared using 2.5 µL 

NuPAGE reducing agent, 6.25 µL LDS buffer, pre-determined protein lysate volume, and 

PBS for a total loading volume of 25 µL into each well of NuPAGE 4-12% Bis-Tris gels 

in MOPS running buffer, and the proteins fractionated with a current of 120 V. SeeBlue 

Plus2 protein ladder (Thermo Fisher Scientific) was used to visualize molecular weight 

standard. 

The following primary antibodies were used: proBDNF, mature BDNF, TrkB, 

and Phospho-TrkB. GAPDH and Beta-Actin were used as loading-control antibodies. 
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Each primary antibody was conjugated with a goat anti-rabbit secondary antibody. All 

primary and secondary antibodies have been tested and validated for use in Western blots 

by the supplier (Thermo Fisher Scientific). Membranes were agitated with West Pico 

Chemiluminescent Substrate (SuperSignal) and then imaged with an exposure time of 10 

seconds, to be semi-quantified using ImageJ (NIH). Each lane of the blot was analyzed to 

generate a value for the density (i.e., intensity) of its region of interest. To calculate 

individual protein densities, a relative value was computed = (Protein Signal) / (Lane 

Signal). Relative proBDNF and mature BDNF densities were each standardized to the 

corresponding density of their loading-control β-Actin, while TrkB and Phospho-TrkB 

bands were similarly controlled by GAPDH = (Relative Density for Protein of Interest) / 

(Relative Density for Loading Control). One 2 (stress) x 2 (zinc) ANOVA was conducted 

to compare each of the following protein ratios: (1) Phospho-TrkB / Total TrkB, and (2) 

ProBDNF / Mature BDNF. 

Zynpyr-1 

Flash frozen brain tissue samples were sliced into 16 µm sections using a Leica 

CM3050S cryostat and then mounted onto charged slides. A 1 mM stock solution of 

Zinpyr-1 (Abcam) was prepared with 0.9% saline to create a 17µM solution for 

incubation of hippocampal tissue. Slides were imaged by an Olympus BX51 fluorescence 

microscope with an FITC cube. Semi-quantification of images were performed by ImageJ 

software. Total fluorescence was determined by measuring the integrated density for each 

sample’s selected region of interest, and then corrected by subtracting the mean 
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fluorescence of the background: Corrected Total Fluorescence = Integrated Density – 

(Selected Area of Interest * Mean Fluorescence of Sample Background). 

One 2 (stress) x 2 (zinc) ANOVA was conducted to compare total fluorescence between 

the four experimental groups. 

Binding for Zinpyr-1 only responds to "free" zinc, the subset of zinc ions that are 

bound to weak, rapidly exchangeable ligands like Cl- and water. Although some 

complications have been pointed out (Marszalek et al., 2019), it does not normally bind 

to protein-bound zinc ions as in zinc fingers (Thompson & Fierke, 2017). The zinc was 

delivered as ZnCO4—and may bind to proteins, among them the Src family kinases—but 

a full assessment of total zinc would require an analysis using, for example, synchrotron 

X-ray fluorescence. 
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RESULTS 
 
 
 

Daily Activity 

Although there were no changes in onset and offset time of running, there were changes 

in daily activity. Despite non-significant main effects for stress and zinc groups, there 

was an interaction of stress and zinc over time, F(1.42, 56.82) = 3.610, p = .048, with 

zinc treatment significantly increasing activity for stressed mice when compared to the 

control treatment (Figure 2). A within-subjects contrast also indicated a significant linear 

F(1,40) = 4.138, p = .049, and cubic, F(1,40) = 5.414, p = .025, interaction of stress and 

zinc. 
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Figure 2 Hourly Running-Wheel Activity by Post-TBI Intranasal Treatment  

Note. Hourly average count of running-wheel rotations for zinc- and vehicle-treated mice 
subjected to a protocol involving no stressors or chronic variable stress. In a 24-hour day, 
mice had a 12:12 light:dark cycle, with the dark phase shown in the shaded region (light 
offset at ZT 12). 
 
 

Morris Water Maze 

Our analysis revealed within- and between-subjects effects of stress and zinc on rmTBI 

mice while performing a Morris Water Maze paradigm for 7 days. The platform was fully 

submerged on Days 2, 4, and 6 for the third trial (probe). Following the probe trial on 

Day 6, 24 hours passed before testing on Day 7, in which only one trial was used to probe 

for navigation to the hidden platform.  
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Mice showed decreased latency in locating the maze platform over multiple days 

of training, F(1,39) = 16.69, p < .001, demonstrating spatial learning. However, time to 

locate the platform did not significantly differ between stressed and non-stressed mice, 

nor with zinc treatment and the vehicle control (Figure 3). 

 

 

Figure 3 MWM Time to Platform   

Note. Average time (s) to locate the platform in the Morris water maze (MWM). Days 1, 
3, and 5 used a present but hidden platform for all three trials. Days 2, 4, and 6 removed 
the platform by fully submerging it for Trial 3. 24 hours later, Day 7 used one trial to 
probe for navigation to the hidden platform.  
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In the area of the pool containing the hidden platform, mice showed a significant 

increase in the number of platform crossings over time, F(1,39) =  9.478, p < .001. There 

was a significant interaction between stress and zinc, F(1,39) = 4.207, p = .047, as zinc 

treatment significantly increased the average number of crossings overall, but only in 

stressed mice (Figure 4). 

 

 

Figure 4 MWM Platform Crossings 

Note. Average number of crossings over the Morris water maze (MWM) hidden platform 
area for probe trials (when platform was not present on Days 2, 4, and 6 on Trial 3). 
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An analysis for thigmotaxis showed that rmTBI mice had a decrease in the 

percentage of time spent near walls across probe trials, F(1,39) = 16.053, p < .001, as a 

possible index of reduced anxiety with subsequent days. There was a significant 

interaction between stress and zinc, F(1,39) = 3.222, p = .034, with stressed mice on zinc 

treatment spending the least amount of time near maze walls (Figure 5). 

 

 

Figure 5 MWM Thigmotaxicity 

Note. Percentage of time spent near Morris water maze walls (% = Time in Outer 10% of 
Pool / Total Time in Trial) during probe trials (when platform was fully submerged on 
Days 2, 4, and 6). 
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Free Zinc in the Brain 

Mice that received the intranasal zinc solution had significantly more free zinc in the 

hippocampus (Table 2; Figure 6) than those that received the vehicle solution (F(1, 12) = 

337.79, p < .001). Non-stressed mice also had greater hippocampal zinc than stressed 

mice (F(1, 12) = 41.33, p < .001). There was not a significant interaction effect. 

 

Table 2 Means and Standard Deviations for Zinc Fluorescence (x 103) 

 

Vehicle Zinc 

M (SD) M (SD) 

Non-Stressed 560 (49) 1386 (160) 

Stressed 265 (25) 1100 (64) 
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Figure 6 Hippocampal Free Zinc 

Note. Zinpyr-1 staining in nonstress-vehicle (NV), nonstress-zinc (NZ), stress-vehicle 
(SV), and stress-zinc (SZ) mice in the hippocampal CA3 region. There were significant 
main effects (p < .001) for treatment and for stress on total fluorescence of Zn2+. 
 
 
 
  

NV NZ 

SV SZ 
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Phosphorylated TrkB to Total TrkB 

There was a significant effect of treatment with zinc increasing the relative amount of 

phosphorylation in TrkB receptors compared to the vehicle control, F(1, 12) = 44.79, p< 

.001 (Table 3; Figure 7). Stress conditions did not affect the number of phosphorylated 

receptors when examining at total TrkB levels.  

 

Table 3 Densitometric Ratios for Phospho-TrkB/Total TrkB 

 

Vehicle Zinc 

M (SD) M (SD) 

Non-Stressed 0.44 (0.08) 0.86 (0.13) 

Stressed 0.50 (0.04) 1.03 (0.24) 
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Figure 7 TrkB and Phosphorylated TrkB with GAPDH Control 

Note. Western blot imaging of TrkB, Phosphorylated TrkB, and loading-control GAPDH 
antibodies in non-stressed vehicle-treated (NV), non-stressed zinc (NZ), stressed vehicle 
(SV), and stressed zinc (SZ) mice. 
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ProBDNF to Mature BDNF 

Relative to the β-Actin loading control, stressed mice showed a higher level of the 

precursor molecule proBDNF, compared to mature BDNF, than non-stressed mice,  

F(1, 12) = 9.365, p = 0.01 (Table 4; Figure 8). Zinc treatment did not have a significant 

effect on proBDNF to mature BDNF levels compared to the vehicle control. 

 

Table 4 Densitometric Ratios for ProBDNF/Mature BDNF  

 

Vehicle Zinc 

M (SD) M (SD) 

Non-Stressed 0.75 (0.18) 0.78 (0.23) 

Stressed 1.04 (0.14) 1.10 (0.25) 
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Figure 8 ProBDNF and Mature BDNF with β-Actin Control 

Note. Western blot imaging of proBDNF, mature BDNF, and loading-control β-Actin 
antibodies in non-stressed vehicle-treated (NV), non-stressed zinc (NZ), stressed vehicle 
(SV), and stressed zinc (SZ) mice. 
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DISCUSSION 
 
 
 

For each of the behavioral assays (daily activity and spatial memory) a significant 

interaction occurred between stress and zinc treatment over time. When comparing the 

stress conditions, post-injury zinc treatment yielded opposite effects for stressed and non-

stressed mice. Post-mortem brain analyses revealed significant increases in hippocampal 

zinc concentrations and phosphorylated TrkB receptors for mice given zinc treatment, 

while stress decreased BDNF. Implications for all behavioral and brain analyses are 

discussed as follows. 

Daily Activity 

There were no changes in onset and offset time for wheel running, and thus no change in 

CR. There were, however, changes in daily activity, which have been shown to be a good 

predictor of cognitinve function: those with the highest levels of activity having the best 

outcome for cognitive performance (Tranah et al., 2011). For rmTBI mice that were 

administered a vehicle control, stress reduced the number of running-wheel rotations 

during the dark cycle compared to the non-stressed group. When intranasal zinc was 

administered, the deficit seen for stressed mice was remediated, as wheel-running activity 

nearly doubled in the first hour of light offset. Horwever, for the non-stressed group, the 

rmTBI mice demonstrated a significant reduction in wheel-running activity following 

zinc intervention. 

The relationship between zinc and behavior is complex, both zinc deficiency and 

an excess of zinc can lead to impairments in behavior, and both zinc chelation and zinc 



 31 

supplementation have been used to reduce the impairments associated with TBI 

(Levenson, 2020).  In this experiment, zinc caused a reduction in activity compared to the 

mice given a vehicle control after rmTBI when no stress was present, although this 

difference was not significant. This reduction is somewhat surprising as other studies 

have reported that zinc administration had a positive effect following TBI (Cope et al. 

2012). However, Frederickson et al. (2004) reported that zinc chelation was beneficial 

following head trauma.   

As TBI is known to induce depletion of zinc stores, it should be noted that stress 

has comparable effects on zinc concentrations (Lopresti, 2020). Rats subjected to acute or 

chronic stress (i.e., restraint) had significantly lower blood zinc concentrations compared 

to non-stressed rats; repeated stress exposure has also been linked to decreased zinc 

concentrations in the rat hippocampus (Teng et  al., 2008; Tao et al., 2013). 

Administering just one hour of restraint stress induced zinc release from the 

hippocampus, with a 167% increase during the first 15 minutes (Itoh et al., 1993), and a 

novel stressor (30-second tail suspension), “elicited a persistent decrease in extracellular 

zinc, which continued for 60 minutes” (Takeda et al., 2009). 

Our data are consistent with these studies: stress reduced the levels of zinc in both 

conditions for vehicle and zinc administration. In the case of the stress + vehicle group, 

zinc levels were the lowest of all the four groups, thus the addition of the zinc may be 

returning the brain to more normal values, and an increase in activity. The non-stressed + 

zinc condition had the highest values of zinc, possibly higher than optimal, and a 

reduction in activity was seen. Persson et al. (2003) noted that zinc concentration was 
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significantly increased following intranasal delivery compared to intraperitoneal. In 

addition, administration of zinc through the oral route may be a poor method for 

administering zinc treatment (Cope et al.,2012), thus the amount of zinc received in the 

brain may be higher in the case of intranasal injection, leading to an inappropriately high 

level of zinc in cases of low stress.  

Our results showed that the effect of zinc varied with the stress condition: the 

stressed group benefited from intranasal zinc, while the non-stressed animals experienced 

the opposite effect. Therefore, in this rmTBI model, repeated zinc treatment mitigated 

daily activity irregularities when chronic stress was present.  

Morris Water Maze 

Results of the MWM paralleled this interaction effect when examining the outcomes of 

zinc on stressed and non-stressed animals. Stressed mice with zinc treatment swam 

within the hidden platform area more than any other group. An increase in platform-

crossing activity suggested that treatment with zinc augmented spatial memory for 

stressed mice.  

Stressed-zinc mice also spent the least amount of time near the walls of the maze 

when compared to all other groups. This decreased thigmotaxis can serve as an index of 

reduced anxiety (Higaki et al., 2018). In the case of the stressed mice, this may be 

attributed to having repeated exposure to similar stressors during adolescence, which 

would allow these mice to develop an adaptive response to a stressful testing 

environment. A similar study, with a repeated 14-day stressor in juvenile mice, found 

decreased time spent immobile during the forced swim testing (Sadler & Bailey, 2016). 
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In contrast, our non-stressed mice given the vehicle control spent the highest percentage 

of time near maze walls. The observed thigmotaxis in the non-stressed group suggests 

heightened anxiety, as these mice were not previously exposed to a stress-inducing 

environment. 

It was surprising that no effects in latency were seen as a result of stress or zinc as 

all groups learned the maze well despite having received TBI; this may have been due to 

the 4 ft diameter of the maze. Such a maze does show impairments in transgenic mice 

with neurological conditions, such as Alzheimer's disease (Craven et al., 2018), but not in 

wildtype mice on or off zinc supplementation. 

Brain Analyses  

In the brain, Zinpyr-1 staining corroborated the binding of zinc in the hippocampus of 

mice that were administered intranasal zinc. Additionally, this confirmed that stressed 

mice had depleted zinc stores in the brain, when contrasted with non-stressed mice.  

Western blots also verified that zinc treatment alone correlated with an increase in 

Trk-B receptor phosphorylation. However, there was no association of zinc treatment on 

BDNF levels, a known mediator for Trk-B activation. When examining the main effect of 

the stress condition, Trk-B receptors were not affected, though chronic stress did lead to a 

decrease in BDNF. This effect of stress on BDNF was also reported in a 2019 study that 

used an equivalent model of chronic unpredictable mild stress, and saw a reduction of 

BDNF protein levels in the mouse frontal cortex and hippocampus (Szewczyk et al.). 

The upregulation in phosphorylated receptors would indicate intranasal zinc is 

able to activate the Trk-B pathway independently of BDNF. Such a mechanism is 
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consistent with that of Huang et al. (2008), which asserted zinc is taken up into the 

presynaptic terminal of pyramidal cells in the hippocampus. Zinc would then activate a 

Src family kinase—as opposed to BDNF—and promote Trk-B activation 

(phosphorylation). However, it is known that increased release of mature BDNF can 

increase phosphorylated TrkB levels without requiring an increase in BDNF mRNA and 

protein synthesis (Marini et. al, 1998).  Additional investigation is needed to determine a 

causal relationship between increased TrkB activation and zinc treatment following TBI.  

Role of Zinc 

Several animal studies have modeled zinc’s vulnerability to psychological stress (Tao et 

al., 2013; Teng et al., 2008; Itoh et al., 1993; Takeda et al., 2009). Losses of zinc 

following TBI can be detected acutely, with changes in serum zinc and urinary zinc 

excretion being detected within the same day of injury (McClain et al., 1986). One TBI 

alone leads patients to experience heightened urinary zinc losses for several weeks post-

injury, resulting in persistent decreases of serum zinc (Cope et al., 2012). As zinc 

depletion is cumulative and proportionate to the amount of damage incurred to the brain, 

it follows that our model of repeated injuries and chronic stressors would induce a major 

reduction in zinc over time, compounding with each successive injury or stressful event. 

This puts patients at risk for the development of a harmful zinc deficiency. However, 

acute changes in zinc levels can also be observed after supplementation (Young et al., 

1996). For this reason, administering zinc supplementation during the acute post-injury 

window likely served as a favorable intervention for alleviating severe zinc losses, 

particularly if stress is present. 
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 In one of the earliest studies on zinc and brain injury, Young et al. (1996) 

confirmed that post-injury zinc supplementation successfully recovered neurological 

function in patients with severe TBI. A more recent study found improved Glasgow 

Coma Scale outcomes, reduced organ failure and inflammation, and increased zinc 

concentrations in zinc-supplemented patients (Khazdouz et al., 2018). 

 Taken together, we surmise that zinc intervention may help to restore 

hippocampal functioning and zinc homeostasis that was previously compromised by both 

TBI and stress. In our study, the most notable effect of zinc-based activation was seen in 

stressed mice, i.e., the condition is predicted to yield greatest cumulative zinc loss after a 

combination of rmTBI and CVS. For this reason, the results suggest that the restorative 

effect of post-injury zinc is most profound when TBI-induced zinc depletion has been 

further exacerbated by chronic stress. 

The results of our study support the use of intranasal zinc to help regulate daily 

activity in groups that experience the largest zinc imbalances, i.e., following rmTBI and 

chronic stress. The translational value of our work suggests that individuals with TBI be 

assessed for damaging zinc loss and its associated side effects, and then treated using 

supplementation within reason. 

  



 36 

REFERENCES 
 
 
 

Chandra, N. & Sundaramurthy, A. (2015). Acute pathophysiology of blast injury—from  
biomechanics to experiments and computations: Implications on head and 
polytrauma. In F. H. Kobeissy (Ed.), Brain neurotrauma: Molecular, 
neuropsychological, and rehabilitation aspects. Boca Raton, FL: CRC 
Press/Taylor & Francis. 

 
Choi, B. Y., Kim, I. Y., Kim, J. H., Lee, B. E., Song, H. L., Kho, A. R., …Suh, S. W.  

(2017). Administration of Zinc plus Cyclo-(His-Pro) Increases Hippocampal 
Neurogenesis in Rats during the Early Phase of Streptozotocin-Induced Diabetes. 
International Journal of Molecular Sciences,18(1), 73. doi: 
10.3390/ijms18010073 

 
Clark, A. L., Merritt, V. C., Bigler, E. D., Bangen, K. J., Werhane, M., Sorg, S. F., …  

Delano-Wood, L. (2018). Blast-Exposed Veterans With Mild Traumatic Brain 
Injury Show Greater Frontal Cortical Thinning and Poorer Executive Functioning. 
Front. Neurol.doi: 10.3389/fneur.2018.00873 

 
Cope, E. C., Morris, D. R., Scrimgeour, A. G., & Levenson, C. W. (2012). Use of zinc as  

a treatment for traumatic brain injury in the rat: Effects on cognitive and 
behavioral outcomes. Neurorehabilitation and Neural Repair, 26(7), 907–913. 
doi: 10.1177/1545968311435337 

 
Craven, K. M., Kochen, W. R., Hernandez, C. M., & Flinn, J. M. (2018). Zinc  

exacerbates tau pathology in a tau mouse model. J. Alzheimers Dis, 64, 617–630.  
doi: 10.3233/JAD-180151 

 
Deng-Bryant, Y., Leung, L. Y., Caudle, K., Tortella, F., Shear, D. (2016). Cognitive 

evaluation using morris water maze in neurotrauma. Injury Models of the Central 
Nervous System: Methods in Molecular Biology, 1462. doi: 10.1007/978-1-4939-
3816-2_29 

 
Doering, P., Stoltenberg, M., Penkowa, M., Rungby, J., Larsen, A., & Danscher, G.  

(2010). Chemical blocking of zinc ions in CNS increases neuronal damage 
following traumatic brain injury (TBI) in mice. PLoS One, 5(4), e10131. doi: 
10.1371/journal.pone.0010131 

 
Eckel-Mahan, K. L., Phan, T., Han, S.,Wang, H., Chan, G. C. K., Scheiner, Z. S., Storm,  

D. R. (2008). Circadian oscillation of hippocampal MAPK activity and cAmp: 
Implications for memory persistence. Nat Neurosci, 11(9), 1074-1082. 
doi:10.1038/nn.2174 



 37 

 
Fish, L., & Scharre, P. (2018). Protecting warfighters from blast injury. Center for a New  

American Security. https://www.cnas.org/publications/reports/protecting-
warfighters-from-blast-injury 

 
Flinn, J. M., Hunter, D., Linkous, D. H., Lanzirotti, A., Smith, L. N., Brightwell, J.,  

Jones, B. F. (2005). Enhanced zinc consumption causes memory deficits and 
increased brain levels of zinc. Physiol Behav 83(5), 793-803. 
doi:10.1016/j.physbeh.2004.10.009 

 
Frederickson C. J., & Danscher, G. (1990). Zinc-containing neurons in hippocampus and  

related CNS structures. Prog Brain Res, 83, 71-84. doi:10.1016/s0079-
6123(08)61242-x 

 
Frederickson, C. J., Maret, W., & Cuajungco, M. P. (2004). Zinc and excitotoxic brain  

injury: A new model. The Neuroscientist, 10(1), 18–25. doi: 
10.1177/1073858403255840 

 
Gammoh, N. Z., & Rink, L. (2017). Zinc in Infection and Inflammation. Nutrients, 9(6),  

624. doi: 10.3390/nu9060624 
 
Graybeal, J. J., Bozzelli, P. L., Graybeal, L. L., Groeber, C. M., McKnight, P. E., Cox, D.  

N., Flinn, J. M. (2015). Human ApoE Ε4 alters circadian rhythm activity, IL-1β, 
and GFAP in CRND8 mice. Journal of Alzheimer's Disease, 43(3), 823 – 834. 
doi: 10.3233/JAD-132009 

 
Griesbach, G. S., Hovda, D. A., & Gomez-Pinilla, F. (2009). Exercise-induced  

improvement in cognitive performance after traumatic brain injury in rats is 
dependent on BDNF activation. Brain Research, 1288, 105–115. doi: 
10.1016/j.brainres.2009.06.045 

 
Gower-Winter, S. D., & Levenson, C. W. (2012). Zinc in the central nervous system:  

From molecules to behavior. Bio Factors, 38(3), 186–193. doi: 10.1002/biof.1012 
 
Hellmich, H. L., Eidson, K., Cowart, J., Crookshanks, J., Boone, D. K., Shah, S., … 

Prough, D. S. (2008). Chelation of neurotoxic zinc levels does not improve 
neurobehavioral outcome after traumatic brain injury. Neuroscience Letters,  
440(2) , 155-159. doi: 10.1016/j.neulet.2008.05.068 

 
Herrero, A. I., Sandi, C., & Venero, C. (2006). Individual differences in anxiety trait are  

related to spatial learning abilities and hippocampal expression of 
mineralocorticoid receptors. Neurobiology of Learning and Memory, 86(2), 150-
159. doi: 10.1016/j.nlm.2006.02.001 

 



 38 

Higaki, A., Mogi, M., Iwanami, J., Min, L. J., Bai, H. Y., Shan, B. S., … Horiuchi, M.  
(2018). Recognition of early stage thigmotaxis in Morris water maze test with 
convolutional neural network. PloS One, 13(5), e0197003. doi: 
10.1371/journal.pone.0197003 

 
Hoge, C. W., McGurk, D., Thomas, J. L., Cox, A. L., Engel, C. C., & Castro, C. A.  

(2008). Mild traumatic brain injury in U.S. soldiers returning from Iraq. New 
England Journal of Medicine, 358, 453-463. doi: 10.1056/NEJMoa072972 

 
Huang, Y. Z., & McNamara, J. O. (2010). Mutual regulation of Src family kinases and  

the neurotrophin receptor TrkB. The Journal of Biological Chemistry, 285(11), 
8207–8217. doi: 10.1074/jbc.M109.091041 

 
Huang, Y. Z., Pan, E., Xiong, Z.-Q., & McNamara, J. O. (2008). Zinc-mediated  

transactivation of TrkB potentiates the hippocampal mossy fiber-CA3 pyramid 
synapse. Neuron, 57(4), 546–558. doi: 10.1016/j.neuron.2007.11.026 

 
Hwang, J. J., Park, M.-H., Choi, S.-Y., & Koh, J.-Y. (2005). Activation of the Trk 

signaling pathway by extracellular zinc role of metalloproteinases. Journal of 
Biological Chemistry, 280(12), 11995–12001. doi: 10.1074/jbc.M403172200 

 
Hyder, A. A., Wunderlich, C. A., Puvanachandra, P., Gururaj, G., & Kobusingye, O. C.  

(2007). The impact of traumatic brain injuries: a global perspective. 
Neurorehabilitation, 22(5), 341-53. 

 
Itoh, T., Saito, T., Fujimura, M., Watanabe, S., &Saito, K. (1993). Restraint stress- 

induced changes in endogenous zinc release from the rat hippocampus. Brain 
Research, 618(2), 318-22.doi: 10.1016/0006-8993(93)91283-x 

 
Jansen, P., Giehl, K., Nyengaard, J. R., Teng, K., Lioubinski, O., Sjoegaard, S. S., …  

Nykjaer, A. (2007). Roles for the pro-neurotrophin receptor sortilin in neuronal 
development, aging and brain injury. Nature Neuroscience, 10(11), 1449–1457. 
doi: 10.1038/nn2000 

 
Khazdouz, M., Mazidi, M., Ehsaei, M., Ferns, G., Kengne, A. P.,&Norouzy, A. (2018).  

Impact of zinc supplementation on the clinical outcomes of patients with severe 
head trauma: A double-blind randomized clinical trial. Journal of Dietary 
Supplements, 15(1), 1-10. doi: 10.1080/19390211.2017.1304486 

 
Klein, R., Nanduri, V., Jing, S., Lamballe, F., Tapley, P., Bryant, S., … Barbacid, M.  

(1991). The trkB tyrosine protein kinase is a receptor for brain-derived 
neurotrophic factor and neurotrophin-3. Cell, 66(2), 395–403. 

 
  



 39 

Koch, C. E., Leinweber, B., Drengberg, B. C., Blaum, C., & Oster, H. (2016). Interaction  
between circadian rhythms and stress. Neurobiology of Stress, 6, 57–67. doi: 
10.1016/j.ynstr.2016.09.001 

 
Landgraf, D., McCarthy, M. J., & Welsh, D. K. (2014). Circadian clock and stress  

interactions in the molecular biology of psychiatric disorders. Current Psychiatry 
Reports, 16, 483. doi: 10.1007/s11920-014-0483-7 

 
Levenson, C. W. (2005). Zinc supplementation: neuroprotective or neurotoxic? Nutr 

Rev., 63(4), 122-125. doi: 10.1111/j.1753-4887.2005.tb00130.x 
 
Levenson, C. W., & Morris, D. (2011). Zinc and neurogenesis: making new neurons from  

development to adulthood. Advances in Nutrition, 2(2), 96–100. doi: 
10.3945/an.110.000174 

 
Levenson, C. W. (2020). Zinc and traumatic brain injury: From chelation to  

supplementation. Medical Sciences, 8(3), 36. doi: 10.3390/medsci8030036 
 
Lopez, M. F., Doremus-Fitzwater, T. L., & Becker, H. C. (2011). Chronic social isolation  

and chronic variable stress during early development induce later elevated ethanol 
intake in adult C57BL/6J mice. Alcohol, 45(4), 355–364. doi: 
10.1016/j.alcohol.2010.08.017 

 
Lopresti, A. L. (2020). The Effects of Psychological and Environmental Stress on  

Micronutrient Concentrations in the Body: A Review of the Evidence. Advances 
in Nutrition, 11(1), 103–112.doi: 10.1093/advances/nmz082 

 
Lucke-Wold, B. P., Logsdon, A. F., Nguyen, L., Eltanahay, A., Turner, R. C., Bonasso,  

P., … Rosen, C. L. (2018). Supplements, nutrition, and alternative therapies for 
the treatment of traumatic brain injury. Nutritional Neuroscience, 21(2), 79-91. 
doi: 10.1080/1028415X.2016.1236174 

 
Maret, W., & Sandstead, H. H. (2006). Zinc requirements and the risks and benefits of  

zinc supplementation. J. Trace Elem. Med. Biol. 20, 3–18. 
 
Marini, A. M., Rabin, S. J., Lipsky, R. H., & Mocchetti, I. (1998). Activity-dependent  

release of brain-derived neurotrophic factor underlies the neuroprotective effect of 
N-methyl-D-aspartate.  J. Biol. Chem.  273(45), 29394-29399. 

 
Marschner, L., Ahmed, T., Mogensen, J., & Balschun, Detlef. (2016, July 2-6). Mild  

traumatic brain injury results in impaired spatial long-term memory and altered 
search strategies [Conference presentation]. FENS Forum of Neuroscience, 
Copenhagen, Denmark. 

 



 40 

Marszalek, I., Goch, W., & Bal, W. (2019). Ternary Zn(II) complexes of fluorescent zinc  
probes Zinpyr-1 and Zinbo-5 with the low molecular weight component of 
exchangeable cellular zinc pool. Inorganic Chemistry, 58(21), 14741-14751. doi: 
10.1021/acs.inorgchem.9b02419 

 
McClain, C. J., Twyman, D. L., Ott, L. G., Rapp, R. P., Tibbs, P. A., Norton, J. A.,  

…, Young, B. (1986).Serum and urine zinc response in head-injured patients. J 
Neurosurg,64(2), 224-30.doi:10.3171/jns.1986.64.2.0224 

 
Minichiello, L., Korte, M., Wolfer, D., Kühn, R., Unsicker, K., Cestari, V., … Klein, R.  

(1999). Essential Role for TrkB Receptors in Hippocampus-Mediated Learning. 
Neuron, 24(2), 401-414. doi: 10.1016/S0896-6273(00)80853-3 

 
Morris, D. R.,&Levenson, C. W. (2013). Zinc in traumatic brain injury: From  

neuroprotection to neurotoxicity. Curr Opin Clin Nutr Metab Care, 16(6), 708-11. 
doi: 10.1097/MCO.0b013e328364f39c 

 
Nève, J., Hanocq, M., Peretz, A., Abi Khalil, F., Pelen, F., Famaey, J. P., & Fontaine, J.  

(1991). Pharmacokinetic study of orally administered zinc in humans: Evidence 
for an enteral recirculation. European Journal of Drug Metabolism and 
Pharmacokinetics, 16, 315–323. doi: 10.1007/BF03189977 

 
Patterson, Z. R., Ducharme, R., Anisman, H. & Abizaid, A. (2010), Altered metabolic  

and neurochemical responses to chronic unpredictable stressors in ghrelin 
receptor-deficient mice. European Journal of Neuroscience, 32, 632-639. doi: 
10.1111/j.1460-9568.2010.07310.x 

 
Persson, E., Henriksson, J., Tallkvist, J., Rouleau, C., & Tjälve, H. (2003). Transport and  

subcellular distribution of intranasally administered zinc in the olfactory system 
of rats and pikes. Toxicology, 191(2), 97–108. doi: 10.1016/S0300-
483X(03)00208-7 

 
Railey, A. M., Micheli, T. L., Wanschura, P. B., & Flinn, J. M. (2010). Alterations in fear  

response and spatial memory in pre- and post-natal zinc supplemented rats: 
Remediation by copper. Physiology & Behavior, 100(2), 95-100. doi: 
10.1016/j.physbeh.2010.01.040 

 
Reisman, M. (2016). PTSD Treatment for Veterans: What's Working, What's New, and  

What's Next. P T, 41(10), 623–634. 
 
Russo A. J. (2011). Decreased zinc and increased copper in individuals with anxiety.  

Nutrition and Metabolic Insights, 4, 1–5. doi: 10.4137/NMI.S6349 
 
  



 41 

Sadler, A. M., & Bailey, S. J. (2016). Repeated daily restraint stress induces adaptive  
behavioural changes in both adult and juvenile mice. Physiology & Behavior, 167, 
313-323. doi: 10.1016/j.physbeh.2016.09.014 

 
Santacruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L., Ingelsson, M. … Ashe, K.  

H. (2005). Tau suppression in a neurodegenerative mouse model improves 
memory function. Science, 309(5733), 476-481. doi:10.1126/science.1113694 

 
Sensi, S. L., Paoletti, P., Koh, J. Y., Aizenman, E., Bush, A. I., & Hershfinkel, M. (2011).  

The neurophysiology and pathology of brain zinc. The Journal of Neuroscience, 
31(45), 16076–16085. doi: 10.1523/JNEUROSCI.3454-11.2011 

 
Slemmer, J. E., Matser, E. J. T., De Zeeuw, C. I., &Weber, J. T. (2002). Repeated mild  

injury causes cumulative damage to hippocampal cells, Brain, 125(12), 2699–
2709. doi: 10.1093/brain/awf271 

 
Squinto, S. P., Stitt, T. N., Aldrich, T. H., Davis, S., Bianco, S. M., Radziejewski, C., …  

Valenzuela, D. M. (1991). TrkB encodes a functional receptor for brain-derived 
neurotrophic factor and neurotrophin-3 but not nerve growth factor. Cell, 65(5), 
885–893. 

 
Szewczyk, B., Pochwat, B., Muszyńska, B., Opoka, W., Krakowska, A., Rafało-Ulińska, 

A., … Nowak, G. (2019). Antidepressant-like activity of hyperforin and changes 
in BDNF and zinc levels in mice exposed to chronic unpredictable mild stress. 
Behav Brain Res, 372, 112045. doi: 10.1016/j.bbr.2019.112045 

 
Takeda, A., Ando, M., Kanno, S., & Oku, N. (2009). Unique response of zinc in the  

hippocampus to behavioral stress and attenuation of subsequent mossy fiber long-
term potentiation. NeuroToxicology, 30(4), 712-717. doi: 
10.1016/j.neuro.2009.05.009 

 
Tao, L., Zheng, Y., Shen, Z., Li, Y., Tian, X., Dou, X., … Shen, H. (2013). Psychological  

stress-induced lower serum zinc and zinc redistribution in rats. Biol Trace Elem 
Res, 155(1), 65–71.doi: 10.1007/s12011-013-9762-0. 

 
Teng, H. K., Teng, K. K., Lee, R., Wright, S., Tevar, S., Almeida, R. D., … Hempstead,  

B. L. (2005). ProBDNF induces neuronal apoptosis via activation of a receptor 
complex of p75NTR and sortilin. Journal of Neuroscience, 25(22), 5455–5463. 
doi: 10.1523/JNEUROSCI.5123-04.2005 

 
Teng, W. F., Sun, W. M., Shi, L. F., Hou, D. D., &Liu, H. (2008). Effects of restraint  

stress on iron, zinc, calcium, and magnesium whole blood levels in mice.Biol 
Trace Elem Res, 121(3), 243-8.doi: 10.1007/s12011-007-8047-x 

 



 42 

Thompson, R. B., & Fierke, C. A. (2017). Measuring and maging metal ions with  
fluorescence-based biosensors: Speciation, selectivity, kinetics, and other issues. 
Enzymes as Sensors: Methods in Enzymology, 589, 281-297. doi: 
10.1016/bs.mie.2017.01.003 

 
Tranah, G. J., Blackwell, T., Stone, K. L., Ancoli-Israel, S., Paudel, M., Ensrud, 

K. E., … Yaffe, M. D. (2011). Circadian activity rhythms and risk of incident 
dementia and mild cognitive impairment in older women. Ann. Neurol, 70, 722–
732. doi: 10.1002/ana.22468 

 
Wessels, I., Maywald, M., & Rink, L. (2017). Zinc as a Gatekeeper of Immune Function.  

Nutrients, 9(12), 1286. doi: 10.3390/nu9121286 
 
Woo, N. H., Teng, H. K., Siao, C.-J., Chiaruttini, C., Pang, P. T., Milner, T. A., … Lu, B.  

(2005). Activation of p75NTR by proBDNF facilitates hippocampal long-term 
depression. Nature Neuroscience, 8(8), 1069–1077. doi: 10.1038/nn1510 

 
Wu, C.-H., Hung, T.-H., Chen, C.-C., Ke, C.-H., Lee, C.-Y., Wang, P.-Y., & Chen, S.-F.  

(2014). Post-Injury Treatment with 7,8-Dihydroxyflavone, a TrkB Receptor 
Agonist, Protects against Experimental Traumatic Brain Injury via PI3K/Akt 
Signaling. PLoS One, 9(11), e113397.doi: 10.1371/journal.pone.0113397 

 
Yasuda, R., Harvey, C. D., Zhong, H., Sobczyk, A., van Aelst, L., & Svoboda, K. (2006).  

Supersensitive Ras activation in dendrites and spines revealed by two-photon 
fluorescence lifetime imaging. Nature Neuroscience, 9(2), 283–291. doi: 
10.1038/nn1635 
 

Young, B., Ott, L., Kasarskis, E., Rapp, R., Moles, K., Dempsey, R. J., … McClain, C.  
(1996). Zinc supplementation is associated with improved neurologic recovery 
rate and visceral protein levels of patients with severe closed head injury. Journal 
of Neurotrauma, 13(1), 25–34. doi: 10.1089/neu.1996.13.25 
 

Zhang, Y., Liu, L., Liu, Y.-Z., Shen, X.-L., Wu, T.-Y., Zhang, T., … Jiang, C.-L. (2015).  
NLRP3 inflammasome mediates chronic mild stress-induced depression in mice 
via neuroinflammation. International Journal of Neuropsychopharmacology, 
18(8). doi: 10.1093/ijnp/pyv006 
 

Zuckerman, A., Ram, O., Ifergane, G., Matar, M. A., Sagi, R., Ostfeld, I., … Cohen, H.  
(2017). Controlled low-pressure blast-wave exposure causes distinct behavioral 
and morphological responses modelling mild traumatic brain injury, post-
traumatic stress disorder, and comorbid mild traumatic brain injury–post-
traumatic stress disorder. Journal of Neurotrauma, 34(1), 145-164. doi: 
10.1089/neu.2015.4310 

  



 43 

BIOGRAPHY 
 
 
 
Erin N. Doherty graduated from James River High School in Midlothian, Virgina, in 
2011. She received her Bachelor of Science from the University of Mary Washington in 
2015. 


