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A 3‑month‑delayed treatment 
with anatabine improves chronic 
outcomes in two different models 
of repetitive mild traumatic brain 
injury in hTau mice
Alexander Morin1,2,3*, Benoit Mouzon1,2,3, Scott Ferguson1,2,3, Daniel Paris1,2,3, 
Nicole Saltiel1,3, Mackenzie Browning1, Mike Mullan1,2 & Fiona Crawford1,2,3 

To date, an overwhelming number of preclinical studies have addressed acute treatment in mild 
TBI (mTBI) and repetitive mTBI (r‑mTBI), whereas, in humans, there often exists a significant 
time gap between the injury and the first medical intervention. Our study focused on a delayed 
treatment with anatabine, an anti‑inflammatory compound, in hTau mice using two different 
models of r‑mTBI. The rationale for using two models of the same impact but different frequencies 
(5 hit mTBI over 9 days and 24 hit mTBI over 90 days) was chosen to address the heterogeneity of 
r‑mTBI in clinical population. Following the last injury in each model, three months elapsed before 
the initiation of treatment. Anatabine was administered in drinking water for 3 months thereafter. 
Our data demonstrated that a 3‑month delayed treatment with anatabine mitigated astrogliosis 
in both TBI paradigms but improved cognitive functions only in more‑frequently‑injured mice (24 
hit mTBI). We also found that anatabine decreased the phosphorylation of tau protein and NFκB, 
which were increased after r‑mTBI in both models. The ability of anatabine to suppress these 
mechanisms suggests that delayed treatment can be effective for clinical population of r‑mTBI. The 
discrepancy between the two models with regard to changes in cognitive performance suggests that 
r‑mTBI heterogeneity may influence treatment efficiency and should be considered in therapeutic 
development.

According to epidemiological studies, 80% of all TBIs are  mild1,2. They result from acceleration-deceleration 
forces that are commonly triggered during motor vehicle accidents, falls, collisions in contact sports and inju-
ries in military  operations1. The latter two represent the groups—athletes and the military—which are most 
susceptible to repeated exposure to mTBI. Compared to single injuries, such repetitive mTBI (r-mTBI) may 
lead to long-term functional and neuropathological deficits and increased risk of neurodegenerative  diseases3,4.

To date, there is no FDA-approved treatment available for r-mTBI. A major obstacle to developing an effi-
cient treatment is the high heterogeneity of r-mTBI etiology, and of the pathological response, including axonal 
injury, inflammatory response, oxidative stress, neurovascular damage, accumulation of tau, apoptosis, and 
other processes. Of all aspects of r-mTBI pathobiology, neuroinflammation is perhaps the most consistent, 
reported in human and preclinical studies and linked to chronic TBI and Chronic Traumatic Encephalopathy 
(CTE)4–7. Existing drugs with anti-inflammatory action have typically been tested in moderate and severe mod-
els of  TBI8, with treatment options in r-mTBI being relatively understudied. However, even those drugs that 
have shown efficacy in preclinical models of moderate and severe TBI (e.g. progesterone, statins, minocycline) 
failed to resolve TBI-associated neurological outcomes in clinical  trials9–11. More detailed preclinical studies 
involving investigations of relevant dosing, timing of administration etc. would better support translation. In 
r-mTBI animal models, compared to human cases, inaccurate replication of the time gap between the last injury 
and the first medical intervention may undermine successful translatability. While the majority of the clinical 
population do not seek medical attention until months or years after the concussion, only 10% of preclinical 
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TBI papers assessed functional outcomes > 2 months post injury, even less so for mTBI and r-mTBI1,12. Despite 
growing attempts, studies investigating potential treatment at delayed time points, which are representative of 
the human population, are scarce. Hence, the first aim of the studies in this paper was to address the effects of 
an anti-inflammatory treatment in r-mTBI mice administered at a delayed timepoint—3 months post last injury.

We have previously demonstrated the anti-inflammatory effects of the naturally occurring compound anat-
abine in our models of Alzheimer’s disease (AD)13,14 and experimental autoimmune encephalomyelitis (EAE)15, 
and which showed promise for TBI treatment in an earlier  study16. Anatabine acts as an agonist of nicotinic 
receptors (nAChR) and, in particular, is an agonist of the α7  subtype17 and inhibits both the signal transducer 
and activation of transcription-3 (STAT3) and nuclear factor kappa-light-chain enhancer of activated B cells 
(NFκB)  activation14 (Fig. 1). Our team demonstrated that therapeutic properties of anatabine extend beyond its 
anti-inflammatory activity and also include a decrease in tau phosphorylation at multiple epitopes (pThr231, 
pSer396/404, pSer202) in Tg APPsw and P301S mouse models of  AD13,14. We also tested the effects of anatabine 
in our well-characterized model of repetitive mTBI (r-mTBI) where mice received 5 mild closed-head injuries 
(5r-mTBI) over 9 days (48 h interval between the hits)18–20. During a 9-month treatment with anatabine, starting 
immediately after the last injury, anatabine improved cognitive deficits at 6 months and decreased inflamma-
tion at 9 months post-TBI16. At 9 months after r-mTBI/sham in this study we performed a cross-over, so that 
the previously assigned Vehicle mice began treatment with anatabine at 9 months post-last injury. We found 
that such delayed treatment also decreased microgliosis in the corpus callosum, evident at 18 months post-TBI. 
These data demonstrate, at least preclinically, that late administration of anatabine can be effective at mitigating 
against the negative sequelae of mTBI, which is encouraging for mTBI patients who typically do not seek medical 
attention at acute or subacute timepoints after injury.

In clinical populations, accumulation of phosphorylated tau is now a recognized hallmark of chronic pathol-
ogy of r-mTBI. In fact, most observations of tauopathy resulting from brain injuries are reported in contact 
sport players who sustain multiple concussions throughout their  career4,21. Thus, to replicate the possibly ben-
eficial effects of anatabine on tau, we decided to utilize hTau mice, which express all 6 isoforms of human 
 tau22, and in which we have previously demonstrated r-mTBI-dependent increases in tau phosphorylation and 
 oligomerization20,23,24.

The second aim of our study was to further model and explore the heterogeneity of TBI in the human patient 
population. We have developed several different injury paradigms, using the same midline mTBI first described 
by Mouzon et al.18. The two paradigms used in this study were a 5 hit model (5r-mTBI), 5 hits over 9 days with 
a 48 h interval between  hits18, and a 24 hit repetitive mTBI model (24r-mTBI) in which mice receive 2 hits per 
week for 3  months23.

To address the anticipated delay in treatment administration to human r-mTBI patients, and increase the 
translational relevance of our study, we administered a 3 month treatment with the anti-inflammatory anatabine 
beginning at a delayed timepoint, 3 months after the last injury, in these two models of r-mTBI (5r-mTBI and 
24r-mTBI).

Figure 1.  Anatabine acts as an agonist of α7 nAChR which activates PI3K-Akt and cAMP-PKA signaling 
pathways. Both Akt and PKA phosphorylate GSK3β at Ser9 which results in its inhibition. Inactivation of 
GSK3β leads to a decrease of phosphorylation of tau and of STAT3, preventing the latter from translocating into 
the nucleus and initiating transcription of inflammatory cytokines. Similarly, phosphorylated GSK3β fails to 
phosphorylate the Ikk/NEMO complex which is responsible for activation of NFκB.
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Materials and methods
Animals. Male and female hTau mice 12–14 weeks old (weight 19–25 g) were sourced from Jackson Labora-
tories (Bar Harbor, ME). The animals were housed under standard laboratory conditions (14-h light/10-h dark 
cycle, 23 ± 1 °C, 50 ± 5% humidity) with free access to food and water. All procedures were carried out under 
Institutional Animal Care and Use Committee (IACUC) approval and in accordance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals. The study was approved by the institutional review 
board of the Roskamp Institute.

Experimental groups and study design. The study was comprised of 2 cohorts of 3 months old hTau 
mice that received either 5 r-mTBI/sham (n = 34) or chronic-r-mTBI/sham (24r-mTBI, n = 38). In the 5r-mTBI 
cohort, TBI mice received 5 injuries over 9 days with a 48-h inter-concussion  interval18–20,25–28. In the 24r-mTBI 
cohort, mice received a total of 24 injuries—2 injuries each week (with a 3–4 day inter-concussion interval) 
for the duration of 3 months (Fig. 2)23. The timelines chosen for these two groups were designed in order to 
match TBI mice by age at first injury (3 months old). This resulted in the mismatch of animals’ age at euthanasia 
(5r-mTBI—9 months; 24r-mTBI—12 months). Each cohort included four groups: sham-vehicle, r-mTBI-vehi-
cle, sham-anatabine, r-mTBI-anatabine. The distribution of mice between the groups in each cohort is shown in 
Table 1. Each group included both male and female mice.

For sham/mTBI procedures, all animals underwent anesthesia with 1.5 mL/min of oxygen and 3% isoflurane 
for 3 min on the heating platform to prevent hypothermia. TBI mice continued to be kept on a heating pad dur-
ing the injury procedure to prevent hypothermia. The head of each animal was fixed in a stereotaxic frame, and 
a 5 mm blunt metal impactor was positioned midway to the sagittal suture. The injury was triggered at 5 m/s 
velocity and 1.0 mm depth, with a dwell time of 200 ms, using a myNeuroLab controller device (Impact One 
Stereotaxic Impactor, Richmond, IL)18. All TBI mice experienced short-term apnea (< 20 s) and showed no skull 
fractures. All animals (sham and TBI) recovered from anesthesia on a heating pad and then returned to their 
cages with water and soft food access.

Regardless of the paradigm to which mice were assigned, after the last injury/sham procedure, mice were kept 
under normal housing conditions for 3 months. One week prior to the initiation of treatment, acclimation and 
baseline levels for Rotarod were recorded. No other manipulations on mice were conducted. After a 3-month 
period, anatabine (racemic anatabine, Anthem Biosciences, Bangalore, India) was administered in drinking 
water to mice assigned to the Sham-Anatabine and TBI-Anatabine groups at a concentration calculated to deliver 
20 mg/kg/day. The volume was calculated based on the average weight of mice prior to treatment (25.5 g) and 
a previously calculated water consumption volume for C57BL/6 mice of 7.4 mL/30g29. The anatabine solution 
was changed weekly for 3 months. Placebo mice received regular water. Behavior tests started on day 61 after 
the initiation of treatment and included Rotarod, Barnes Maze, and Elevated Plus Maze as shown in the Study 

Figure 2.  Study design.

Table 1.  Distribution of mice in the experimental groups (M-males, F-females).

5r-mTBI 24r-mTBI

Sham-vehicle 8 (4M, 4F) 9 (5M, 4F)

r-mTBI-vehicle 10 (5M, 5F) 11 (5M, 6F)

Sham-anatabine 7 (4M, 3F) 8 (5M, 3F)

r-mTBI-anatabine 9 (6M, 3F) 10 (6M, 4F)
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Design in Fig. 2. Euthanasia was performed 90 days after the initiation of treatment. Behavioral and histological 
assessments were carried out by researchers blinded to the experimental group assignments.

Behavior. Behavior was assessed during the last month of treatment and included Rotarod, Barnes Maze 
(BM) and Elevated Plus Maze (EPM) (Fig. 2). Briefly, Rotarod acclimation and baseline levels were recorded 
during a delay period before the initiation of treatment. Acclimation included 3 trials for 5 min without accelera-
tion while the baseline trial was performed using acceleration mode 5 to 50 rpm. Rotarod assessment started on 
day 61 after the beginning of anatabine treatment and was performed every other day during a 7-day trial. All 
data is presented as normalized to group baselines. The percentage change in latency between the groups was 
calculated using the average values for latency on day 7 by utilizing the formula: (100% × (latency2 − latency1)/
latency1).

Each animal underwent 3 trials for 5 min with 5 min interval rest. After the final day of rotarod testing, 
cognitive function was evaluated using the BM. For a period of 6 days, four trials were given per day, with mice 
starting from one of four cardinal points on each trial. On the 7th day, a single probe trial lasting 60 s was per-
formed with the mouse starting from the center of the maze and the target box removed. The percentage change 
in latency/distance between the groups was calculated using the average values for latency or distance on day 7 
by utilizing the formula: (100% × (value2 − value1)/value1).

Disinhibition behavior was assessed using the EPM on the day prior to euthanasia. Here, disinhibition refers 
to risk-taking behavior, by which mice tend to spend more time in open vs closed space. Mice were placed in the 
middle of the plus-shaped maze elevated 80 cm above the ground with 2 open and 2 closed arms perpendicular to 
each other in a brightly lit room. Animal movement was recorded during a 5 min trial. Each animal underwent 
only one trial. The center point of the mouse, determined by Ethovision XT14 tracking, was used to determine 
which arm of the maze the mouse occupied at any given time. The ratio of time spent in open vs closed arms to 
total trial duration was calculated and these ratios were compared between the cohorts.

Tissue processing and immunofluorescence. At 6  months post last mTBI/sham injury, mice were 
anesthetized with isoflurane and perfused transcardially with phosphate-buffered saline (PBS) with heparin-
ized PBS, Ph-7.4. Brains were removed and post fixed in a solution of 4% paraformaldehyde at 4 °C for 48 h, 
dehydrated in graded ethanol solutions, cleared in xylene, and embedded in paraffin. Serial sections (6 µm thick) 
were cut onto positively charged glass slides and boiled in citrate buffer (10 mM pH 6.0) for antigen retrieval, 
followed by incubation with the following antibodies: GFAP/NFκB/RZ3. Fluorescent staining was performed 
with the antibodies for astroglial marker GFAP (7857983, Aves Labs), NFκB (3034, Cell Signaling) and phos-
phorylated tau at Thr231 (RZ3, Peter Davies). Following rehydration, antigen retrieval was performed by heating 
slides in citric acid buffer for 7 min in a microwave oven. Next, slides were washed with PBS and transferred 
to a Sudan Black solution for 15 min to prevent autofluorescence. Slides were then blocked for 1 h with 10% 
donkey serum solution in PBS, and primary antibodies for GFAP (1:500), NFκB (1:500) and RZ3 (1:500) were 
applied overnight. On the next day, secondary antibodies AlexaFluor488 (A21202, Life Technologies) and Alex-
aFluor647 (ab175477, Abcam) were applied. Slides were mounted with ProLong Gold Antifade 4′,6-diamid-
ino-2-phenylindole (DAPI) Mount. Imaging was performed using a confocal microscope (LSM 800 Zeiss) at 
× 20 magnification. Quantification of the fluorescent images was performed using LSM 800 Zeiss and the inten-
sity of fluorescence was measured for each antibody. The same area of interest was applied to each image and the 
background signal was subtracted from the obtained values. Quantitative analysis of colocalization of NFkB and 
DAPI was performed by calculating Pearson’s coefficient (PC) of selected area. PC range is between − 1 and 1, 
where − 1 indicates negative correlation, 0—lack of colocalization, and 1—positive correlation (colocalization).

Statistical analysis. All experimental data were analyzed using JMP Pro (version 12, jmp.com) and 
GraphPad PRISM (version 8.0.0 for Windows, www. graph pad. com). The data were checked for normality using 
Skewness-Kurtosis and Goodness of Fit. If normal, parametric methods were applied to calculate the signifi-
cance between different experimental groups at single time point (p < 0.05 were considered significant). When 
groups had an equal n-number, two-way ANOVA was used (immunohistological data); when n-number differed 
between the groups, one-way ANOVA was utilized instead (behavior data). If significant, post-hoc analysis was 
applied using Turkey’s multiple comparison test/Honest Significant Difference (HSD). The Turkey’s test com-
pares all possible pairs of means between different treatment groups and is considered significant if p < 0.05. 
The Shapiro–Wilk test was used if data were not normally distributed. Repeated-measure analysis of variance 
(MANOVA) was used to analyze continuous performance of mice in the Barnes Maze and Rotarod (p < 0.05 is 
significant). Error bars represent the standard error of the mean.

Compliance statement. The study was carried out in compliance with the ARRIVE guidelines.

Results
Motor assessment. For the 24r-mTBI mice, rotarod assessment showed a TBI-induced 37.5% decrease 
in sensorimotor performance of the 24r-mTBI-vehicle compared to the 24r-sham-vehicle group (Fig. 3A). The 
24r-mTBI-vehicle mice had a lower latency to fall compared to their controls during a 7-day trial (Fig.  3A; 
24r-mTBI-vehicle vs 24r-sham-vehicle: 120 ± 3 s vs 168 ± 17 s; p < 0.0001, MANOVA). Treatment with anatabine 
in the 24r-mTBI mice significantly increased the latency to fall compared to vehicle treated 24r-mTBI mice 
(Fig. 3A; 24r-mTBI-anatabine vs 24r-mTBI-vehicle: 206 ± 23 s vs 120 ± 3 s; p < 0.0001, MANOVA).

In the 5r-mTBI mice, a decreased latency to fall was observed in 5r-mTBI-vehicle vs 5r-sham-vehicle mice 
on days 1 and 3 but not on days 5 and 7, and no overall difference was observed throughout 7 days as measured 
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by MANOVA (Fig. 3B; p > 0.05, MANOVA). 5r-mTBI-vehicle mice showed a motor recovery behavior over the 
duration of the testing. No difference was observed between the 5r-mTBI-vehicle and 5r-mTBI-anatabine mice 
throughout the 7-day trial.

Memory assessment. 24r‑mTBI. Over the 6 days, all groups showed an improved performance as meas-
ured by cumulative distance, distance traveled and latency to enter the box. 24r-mTBI-vehicle mice showed a 
68% increase in the cumulative distance traveled compared to the 24r-sham-vehicle by the end of a 6-day acqui-
sition trial (Fig. 4A; p < 0.05, MANOVA). For distance traveled, 24r-mTBI-vehicle mice showed a 33% increase 
compared to 24r-sham-vehicle mice (Fig. 4B; p < 0.05, MANOVA). In the 24r-mTBI-vehicle mice, the latency 
to enter the box was 43% increased compared to 24r-sham-vehicle (Fig. 4C; day 6 p < 0.01, one-way ANOVA). 
Latency was not different between 24r-sham-vehicle and 24r-mTBI-vehicle until day 4 (day 4 p < 0.001, day 5 
p < 0.001, day 6 p < 0.01, one-way ANOVA). 24r-mTBI-anatabine mice had a 65% decrease in cumulative dis-
tance compared to 24r-mTBI-vehicle group (p < 0.05, MANOVA). For distance traveled, 24r-mTBI-anatabine 
mice exhibited a 30% decrease compared to 24r-mTBI-vehicle. Treatment with anatabine significantly reduced 
latency to enter the box in the injured mice starting on day 2 of the acquisition trial (24r-mTBI-anatabine vs 
24r-mTBI-vehicle: day 2 p < 0.01, day 3 p < 0.01, day 4 p < 0.001, day 5 p < 0.01, day 6 p < 0.01, one-way ANO-
VA). During the probe trial, 24r-mTBI-vehicle mice spent 90% longer to locate the target hole compared to the 
24r-sham-vehicle (Fig. 4D; 24r-mTBI-vehicle vs 24r-sham-vehicle: 28.3 ± 21 s vs 2.6 ± 1.2 s; p < 0.05, one-way 
ANOVA). In the 24r-mTBI-anatabine mice, mean time was 82.3% decreased compared to 24r-mTBI-vehicle 
(24r-mTBI-anatabine vs 24r-mTBI-vehicle: 4.9 ± 4.2 s vs 28.3 ± 21 s; p < 0.05, one-way ANOVA).

5r‑mTBI. The acquisition trial showed an overall decrease in the cumulative distance, distance traveled, and 
latency to enter the target box for all 5r-mTBI experimental groups over the 6-day period. 5r-mTBI-vehicle 

Figure 3.  Evaluation of the effect of TBI and of anatabine on motor performance. (A) 24r-mTBI-vehicle mice 
exhibited a decrease in latency over the 7-day period compared to 24r-Sham-Vehicle controls (p < 0.0001). 
Treatment with anatabine in 24r-mTBI mice increased latency from Day1 to Day7 (p < 0.0001). (B) 5r-mTBI-
Vehicle mice exhibited a decreased latency compared to 5r-Sham-Vehicle on Day1 and Day 3 but not on Day5 
and Day7. Mice of 5r-mTBI-Anatabine group had no difference in latency compared to 5r-mTBI-Vehicle mice 
(p > 0.05). All data were normalized to baseline and analyzed using MANOVA.
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Figure 4.  Evaluation of learning and memory in 24r-mTBI and 5r-mTBI mice. Anatabine treatment improved 
spatial memory deficits in the 24r-mTBI but not 5r-mTBI mice. In the 24r-mTBI cohort, 24r-mTBI-vehicle mice 
exhibited longer cumulative distance ((A); p < 0.05), distance traveled ((B); p < 0.05), and latency to enter the box 
on days 4–6 (C) compared to 24r-sham vehicle during the acquisition trial. Similarly, in the 5r-mTBI cohort, 
5r-mTBI-vehicle mice exhibited longer cumulative distance ((E); p < 0.05), distance traveled ((F); p < 0.001), 
and latency to enter the box on days 3–6 (G) compared to 5r-sham vehicle. 24r-mTBI-anatabine mice showed 
a decrease in cumulative distance ((A); p < 0.05), distance traveled ((B); p < 0.05) and latency (C) compared 
to 24r-mTBI- vehicle mice. Anatabine did not attenuate memory deficits in the 5r-mTBI-anatabine group 
during the acquisition trial. During the probe trial, 24r-mTBI increased mean time to target zone compared to 
sham-vehicle mice ((D); p < 0.001), which was decreased in the 24r-mTBI-anatabine mice vs 24r-mTBI ((D); 
p < 0.001). In the 5r-mTBI group, 5r-mTBI-vehicle mice had an increase in mean time compared to 5r-sham-
vehicle ((H); p < 0.05) but no anatabine induced decrease was detected in the 5r-mTBI-anatabine mice, however 
the trend is present. Latency in 5r-mTBI-anatabine mice was not significantly different from the 5r-sham-vehicle 
mice (p = 0.082). Statistical significance for the cumulative distance and distance traveled were analyzed using 
MANOVA; the mean time to target hole was analyzed using one-way ANOVA.
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mice showed a 67% increase in the cumulative distance compared to the 5r-sham-vehicle by the end of a 6-day 
acquisition trial (Fig. 4E; p < 0.05, MANOVA). Similarly, in the 5r-mTBI-vehicle mice, distance traveled was 
52% increased (Fig. 4F; p < 0.001, MANOVA) and latency to enter the box was 57.8% increased, compared to 
5r-sham-vehicle (Fig.  4G; day 6 p < 0.001, one-way ANOVA). Latency to enter the box was increased in the 
5r-mTBI-vehicle mice compared to 5r-sham-vehicle starting day 3 after the initiation of the trial (days 3 p < 0.05, 
day 4 p < 0.01, day 5–6 p < 0.001, one-way ANOVA). No anatabine-induced improvements were shown for any 
of these parameters in the 5r-mTBI group (5r-mTBI-anatabine vs 5r-mTBI-vehicle: cumulative distance p > 0.05, 
distance traveled p > 0.05, latency p > 0.05). In the probe trial, latency to locate the target hole was increased in 
the 5r-mTBI-vehicle mice vs 5r-sham-vehicle (Fig. 4H; p < 0.05, one-way ANOVA) but no anatabine-induced 
decrease in the 5r-TBI mice was shown compared to 5r-mTBI-vehicle (Fig. 4H; p > 0.05, one-way ANOVA).

There was a greater variation in the signal in 5r-mTBI-vehicle vs 5r-sham-vehicle mice compared to 
24r-mTBI-vehicle vs 24r-sham-vehicle. In both cohorts, TBI-anatabine groups were not significantly different 
from their respective shams.

Disinhibition assessment. EPM analysis showed a TBI effect on disinhibition behavior in the 5r-mTBI 
but not 24r-mTBI mice. In the 5r-mTBI group, 5r-mTBI-vehicle mice spent more time in the open arm com-
pared to the 5r-sham-vehicle (Fig. 5B; p < 0.05, one-way ANOVA). Treatment with anatabine reduced time spent 
in the open arm in the 5r-mTBI mice vs 5r-mTBI-Vehicle controls (Fig. 5B; p < 0.01, one-way ANOVA). In the 
24r-mTBI mice, no differences were observed between vehicle and anatabine treated mice (Fig. 5A).

Immunohistochemistry. In the 24r-mTBI but not 5r-mTBI mice, Iba1 signal was increased in the corpus 
callosum in the injured mice compared to their respective controls (Fig. 6; 5r-mTBI-vehicle vs 5r-sham-vehicle 
p > 0.05, 24r-mTBI-vehicle vs 24r-sham-vehicle p < 0.05, one-way ANOVA). Compared to 24r-mTBI-vehicle 
mice, 24r-mTBI-anatabine mice showed attenuated microglia activation that was close to 24r-sham-vehicle 
levels (Fig. 6B,C; 24r-mTBI-anatabine vs 24r-mTBI-vehicle p < 0.05, 24r-mTBI-anatabine vs 24r-sham-vehicle 
p > 0.05, one-way ANOVA).

Immunofluorescent assessment for the astroglial marker GFAP revealed an increase in astrogliosis in the 
injured mice compared to the sham for both models (Fig. 7A). In both 5r-mTBI and 24r-mTBI groups, an 
increased area of GFAP immunoreactivity was observed in the CA1 region and in the body of corpus callo-
sum but not in the cortex. Quantitative analysis showed an increase in the area % of GFAP cells in the corpus 
callosum of the r-mTBI mice compared to sham-vehicle mice (Fig. 7D: 5r-mTBI-vehicle vs 5r-sham-vehicle 
p < 0.001; Fig. 7B: 24r-mTBI-vehicle vs 24r-sham-vehicle p < 0.001). After treatment with anatabine, both 5r-mTBI 
and 24r-mTBI showed a reduction in GFAP immunoreactivity in the corpus callosum (5r-mTBI-anatabine vs 
5r-mTBI-vehicle p < 0.01; 24r-mTBI-anatabine vs 24r-mTBI-vehicle p < 0.01, one-way ANOVA). Immunoreac-
tivity for NFκB was detected in the cortex and hippocampal areas CA1, CA3, and DG. In the cortex, quantita-
tive analysis for NFκB revealed an increase in both cohorts in the r-mTBI groups compared to their respective 
controls: 5r-mTBI (Fig. 7E: 5r-mTBI-vehicle vs 5r-sham-vehicle p < 0.0001, one-way ANOVA) and 24r-mTBI 
(Fig. 7C: 24r-mTBI-vehicle vs 24r-sham-vehicle p < 0.0001, one-way ANOVA). Images at higher magnifica-
tion (× 20) revealed a NFκB /DAPI colocalization in the r-mTBI mice in the CA1 area of hippocampus and 

Figure 5.  Evaluation of disinhibition (time spent in open vs closed arms) in the 24r-mTBI and 5r-mTBI mice 
using the EPM. (A) There was no difference in time spent in open vs closed arms between the 24r-mTBI-vehicle 
(3.75 vs 81.46) and 24r-sham-vehicle (4.02 vs 82.12) and between the 24r-mTBI-vehicle (3.75 vs 81.46) and 
24r-mTBI-anatabine (5.56 vs 72.56). (B) There was an increase in time spent in the open arms in 5r-mTBI-
vehicle vs 5r-mTBI-sham mice (17.65 vs 10.97, p < 0.05). In the 5r-mTBI-anatabine mice, time spent in the open 
arms decreased compared to 5r-mTBI-vehicle (5.25 vs 17.65, p < 0.01). Statistical significance was analyzed using 
one-way ANOVA.
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throughout cortex (Supplementary Fig. S1). Their increase was attenuated after treatment with anatabine in all 
areas (quantitative analysis for cortex: 5r-mTBI-anatabine vs 5r-mTBI-vehicle p < 0.0001; 24r-mTBI-anatabine 
vs 24r-mTBI-vehicle p < 0.001).

Immunofluorescent analysis for phosphorylated tau showed a significant increase of RZ3 (Thr231) signal 
in the cortex (Fig. 8A) of both 5r-mTBI and 24r-mTBI mice compared to their respective sham-vehicle mice 
(Fig. 8B: 5r-mTBI-vehicle vs 5r-sham-vehicle: p < 0.05; Fig. 8C: 24r-mTBI-vehicle vs 24r-sham-vehicle p < 0.001, 
one-way ANOVA). Anatabine treatment decreased RZ3 (Thr231) fluorescent intensity in the 5r-mTBI (vs 
5r-mTBI-vehicle p < 0.05, one-way ANOVA) and 24r-mTBI (vs 24r-mTBI-vehicle p < 0.001, one-way ANOVA).

Discussion
This study focused on delayed treatment with anatabine in hTau mice in two different models of r-mTBI. The 
selection of hTau mice was driven by our attempt to mimic chronic tau phosphorylation in human r-mTBI 
while the selection of two injury paradigms was aimed to represent the diversity of clinical r-mTBI in regard to 
frequency and number of injuries. Both our models induced cognitive deficits as well as strong glial response 
and tau phosphorylation at 6 months post-last mTBI. We further found that anatabine decreased GFAP, NFκB 
and p-tau in both models, however its effect on behavior was mostly demonstrated in the 24r-mTBI model, but 
not in the 5r-mTBI mice.

Both 5-rmTBI and 24r-mTBI mice (vehicle treated), despite age difference at the time of testing, exhibited 
strong injury-dependent astrogliosis in the corpus callosum and hippocampus 6-months post last mTBI. No 
reactive astrocytes were observed in cortex within the injury site, consistent with our previous findings showing 
that this pathology is found only during the acute phase in our  models18,20,30. Such temporal alterations probably 
indicate that the astrogliosis induced in the cortex shortly after TBI is associated with mechanical deformation 
of the  tissue31, and it resolves after the termination of the mechanical stress. On the contrary, white matter has 
been shown to be more vulnerable to TBI leading to long-lasting  pathology32. White matter is comprised of 
interconnected axon tracts that are especially susceptible to stretch forces at the grey-white matter junctions. 
In fact, most axonal injury in white matter is caused not by shear and stress forces but as a result of secondary 

Figure 6.  Evaluation of the effect of anatabine on microglia. (A) Representative images of Iba1 in corpus 
callosum in the 5r-mTBI and 24r-mTBI mice. Arrow indicates immunoreactive microglia. (B) 24r-mTBI-vehicle 
mice had an increase in Iba1 signal compared to 24r-sham-vehicle (p < 0.05). (C) In 5r-mTBI-vehicle mice, no 
increased Iba1 was detected. Anatabine decreased Iba1 in 24r-mTBI mice (24r-mTBI-anatabine vs 24r-mTBI-
vehicle p < 0.05) but not in 5r-mTBI. Inserts of 40× images of reactive microglia are included in pictures of each 
r-mTBI-vehicle group. Data analyzed using two-way ANOVA. Scale bars equal 20 µm.
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injury events such as white matter atrophy and  demyelination33. White matter damage has been recorded in mTBI 
animal models at > 1 year post  injury19,20,23,25,34 and in TBI  patients6, and has been proposed to be linked with 
cognitive  deficits35–37. We also observed an increase in the transcription factor NFκB p-65, a critical regulator of 
immune response and inflammation, in both our models at 6 months post-injury. Under baseline conditions, 
NFκB is found in the cytosol, but upon activation a p65/p50 heterodimer translocates to the nucleus where it 
binds specific DNA sequences and promotes the expression of inflammatory  cytokines38. Our confocal images 
of samples co-stained with NFκB p-65 and DAPI showed nuclear localization of NFκB in the hippocampus of 

Figure 7.  Immunofluorescent analysis of GFAP and NFkB. (A) Representative images of NFkB/GFAP in 
cortex, corpus callosum (CC) and hippocampus. (B,C) Quantification of area coverage of NFkB in cortex and 
GFAP in CC, respectively, in 5r-mTBI cohort. (D,E) quantification of area coverage of NFkB in cortex and 
GFAP in CC, respectively, in 24r-mTBI cohort. In the 24r-mTBI group, TBI produced a significant increase of 
GFAP in CC ((E), p < 0.001) and of NFkB in cortex ((D), p < 0.0001) compared to 24r-sham-vehicle. Similarly, in 
the 5r-mTBI group, TBI induced GFAP ((C), p < 0.001) and NFkB ((B), p < 0.0001) immunoreactivity compared 
to 5r-sham-vehicle mice. Treatment with anatabine decreased GFAP (24r-mTBI p < 0.01; 5r-mTBI p < 0.01) and 
NFkB (24r-mTBI p < 0.001; 5r-mTBI p < 0.0001) in r-mTBI mice compared to the respective r-mTBI-vehicle 
mice. Data analyzed using two-way ANOVA. Scale bar equal 200 µm.
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r-mTBI mice. Moreover, both models of r-mTBI exhibited tau phosphorylation in the cortex and the CA1 area 
of the hippocampus at 6 months post injury. We have previously shown an increase in total and p-tau (Thr 231) 
in 24r-mTBI hTau mice at 3 months post-injury23 but these data represent our first time reporting a similarly 
persistent p-tau signal in the 5r-mTBI hTau mice.

Treatment with anatabine for 3 months after a delay of 3 months post-last injury attenuated TBI-induced 
pathology in both models of r-mTBI. We observed a decrease of GFAP, NFκB and p-tau, markers that were 
increased in response to TBI but not in sham mice. These data are supported by our previous findings where at 
9 months post 5r-mTBI, anatabine reduced inflammation and improved cognitive functions in wild-type  mice16. 
Interestingly, in our previous study, we observed that despite the positive effects of an initial 9 months of anat-
abine treatment, a subsequent 9-month cessation of anatabine resulted in a return of the injury-dependent Iba1 
signal indicating that microgliosis was suppressed but not completely removed by anatabine. Thus, it appears 
that treatment with anatabine does not target the underlying causes of inflammation but exhibits a modulating 
effect for the period of treatment. However, in that same study, delayed treatment with anatabine, beginning at 
9 months post-last injury, successfully reduced Iba1 to sham levels at the 18-month time point, prompting our 
current study design. Therapeutic responses to anatabine in our current study suggest that p-tau pathology may 
represent a downstream consequence of inflammation mediated through the chronic upregulation of NFκB. 
There have been a few studies showing that tau phosphorylation is regulated through the early growth response-1 
(EGR1) transcriptional factor, which is one of the gene targets of NFκB39–41. A possible NFκB—p-tau signaling 
may represent a potential target in r-mTBI, although additional research is required.

At 6 months post-last mTBI, both models exhibited injury-induced memory and learning deficits whereas, 
unexpectedly, only the 5r-mTBI, but not the 24r-mTBI mice, showed disinhibition behavior. Increased 

Figure 8.  Evaluation of the effect of anatabine on RZ3 (Thr231) in cortex. (A) Representative images of RZ3 
(Thr231) in cortex. TBI induced an increase of RZ3 (Thr231) in both 5r-mTBI ((B), p < 0.05) and 24r-mTBI 
((C), p < 0.001) mice compared to the respective sham-vehicle. In anatabine treated mice, RZ3 (Thr231) was 
decreased in both 5r-mTBI (p < 0.05) and 24r-mTBI (p < 0.001) mice compared to the respective r-mTBI-vehicle. 
Data analyzed using two-way ANOVA. Scale bars equal 20 µm.
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disinhibition is an indicator of risk-taking behavior, which, in humans, is linked with hyperactivity and aggres-
sion. A long-lasting disinhibition (time spent in the open arm) was found in other models of 5-hit mTBI in WT 
 mice42 but no study has addressed the effect of r-mTBI over several months, such as our 24r-mTBI model, on 
such behavior. The lack of disinhibitory behavior in the 24r-mTBI, a more severe model than 5r-mTBI, might 
be linked to a 3-months age difference between the models at the time of testing. Disinhibition may be triggered 
by natural aging in hTau mice and mask the TBI specific response in our 24r-mTBI model.

The effect of anatabine on motor and cognitive outcomes showed inconsistent results between the two models. 
In the 24r-mTBI mice, anatabine mitigated both sensorimotor and memory impairments, whereas in the 5r-mTBI 
group, anatabine did not exhibit therapeutic effect on the same parameters. So far, we are unable to elaborate on 
the diverse effect of anatabine on cognitive improvements, especially when ameliorated pathology was shown in 
both models. It appears that the behavioral effects of anatabine is stronger or, at least, is easier to discriminate if 
the injury is more severe. A possible explanation may be that anatabine acts through the alternative mechanisms 
which differ between the models due to the final age of mice and the injury model. Expression of the primary 
target of anatabine, the α7 subunit of nAChR, is known to fluctuate with age and may be differently expressed in 
24r-mTBI mice, which were 80 days older than the 5r-mTBI mice. The α7 nAChR is also involved in the regula-
tion of calcium signaling which is a key feature of secondary injury involved in cellular apoptosis and oxidative 
stress and may represent an alternative target for  anatabine43. Moreover, α7 is not only expressed by neurons but 
also by microglia, which showed a different degree of response between the two models which could potentially 
alter α7 expression and, consequently, the anatabine effect. Another possible reason for diverse responses to ana-
tabine between the two models might derive from significant age difference at the time of treatment and behavior 
testing. Both cohorts were exposed to injuries at 3 months of age but, due to a longer paradigm of 24-rmTBI, 
their age at treatment varied by 3 months. Hence, in 24r-mTBI mice, more distinguished cognitive deficits can 
be driven not only by r-mTBI but also by aging, a trend that is less evident in 5r-mTBI mice.

A lack of depth and detail in preclinical studies has been cited as a leading reason for the failure of clinical 
translation for  TBI44. Factors hindering successful translation of preclinical findings to the clinic may include 
inadequate design of injury procedures, inappropriate timing of treatment and inability to reproduce the find-
ings across different animal models prior to moving into the more diverse populations inherent in human trials. 
The largest study designed to address these nuances and to compare the efficacy of potential treatments across 
different injury models in order to enhance the translation of therapies from rodents to men is the Operation 
Brain Trauma Therapy (OBTT)  consortium45. This multi-center consortium has tested 5 therapies in rat models 
of fluid percussion injury (FPI), controlled cortical impact (CCI) and penetrating ballistic-like brain injury 
(PBBI). Interestingly, 4 of them underperformed relative to initial studies in individual models of TBI and only 
one (levetiracetam) demonstrated partial efficacy across different  models46. Overall, this study demonstrated that 
the most promising preclinical therapeutic candidates fail to reproduce similar results across various models. 
As counter to this conclusion, the OBTT approach has several limitations that may undermine its translational 
potential. First, the TBI models used represent very different mechanisms with diffuse (FPI) and focal (CCI and 
PBBI) injuries, each of them causing distinct pathology. Second, all treatments were administered at very acute 
time points ranging from 15 min to 24 h post-TBI. This time window may have missed treatments that require 
chronic administration relevant for cases of human mild and sometimes even moderate TBI.

We would like to acknowledge that our study also has limitations, and care should be taken in comparing 
between two models of r-mTBI. The age of mice at the time of treatment and euthanasia was different between the 
cohorts. Due to the longer duration of 24r-mTBI paradigm (12 weeks) than 5r-mTBI (9 days), mice that entered 
the study at 3 months of age, were older in the 24r-mTBI group (12 months) than 5r-mTBI (9 months) by the 
end of the study. The age difference at each step (i.e. end of injury, beginning of treatment, behavior assessment, 
euthanasia, and tissue collection) might have contributed to the variations of treatment outcomes as discussed 
above. For example, aging may exacerbate TBI-induced cognitive deficits leading to a more prominent response. 
The best way to eliminate this “age background” is by using sham mice for both vehicle and anatabine groups, as 
have been done in this study. However, we would also like to highlight that matching our cohorts by the age at 
which treatment administration began, while retaining our desired 3-month treatment delay, would have resulted 
in age differences at the time of injury which we considered would have greater impact on comparison between 
the models. Therefore, our primary goal was to match the ages of mice at the time of injury. Nevertheless, careful 
interpretation of the results and further work are crucial.

Conclusion
Our study highlights a delayed treatment paradigm in two chronic models of r-mTBI as an appropriate strategy 
for testing anti-inflammatory therapeutics. Despite age difference at the time of treatment, delayed administra-
tion of anatabine inhibited inflammation and reduced tau phosphorylation underlying a possible link between 
the two in chronic r-mTBI pathology. We also demonstrated therapeutic variability between different models of 
r-mTBI in hTau mice, which underscores the necessity to test treatments across multiple models. To better inves-
tigate heterogeneity of different models and treatment paradigms, and to identify therapeutic targets common 
between all our models, we plan next to conduct a proteomic and phosphoproteomic analyses of these brain tis-
sue samples. Identification of molecular level TBI- and/or treatment-dependent responses will potentially reveal 
targets for further investigation as critical determinants and possible foci for intervention in TBI pathobiology.
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