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Introduction

With approximately 10 million new cases of traumatic brain injury (TBI) being reported
worldwide each year (Hyder et al., 2007) and their long-lasting deficits continually
impacting an estimated 2% of the population (Thurman et al., 1999; Langlois et al., 2006),
TBIs are a significant health care concern. Unfortunately, due to the inherent complexity of
TBI, there are relatively few effective treatment strategies for managing long-term
disabilities reported to encompass a multitude of higher-order cognitive deficits that
significantly impact patients’ ability to assimilate back into normal life. Cognitive
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impairments often reflect executive dysfunction, such as the inability to retain new
information and blunted behavioral flexibility resulting in a hindered ability to adapt to
novel environmental contingencies (Horneman and Emanuelson, 2009; Bondi et al., 2014).
To more closely investigate clinically-translatable executive deficits post-TBI, this study
used a behavioral assessment known as the attentional set-shifting test (AST), which
comprises a series of increasingly difficult perceptual discriminations to obtain a reward,
drawing methodological parallels to the Wisconsin Card Sorting Test (WCST) typically
employed to evaluate similar executive function deficits in humans (Stuss et al., 2000; Greve
et al., 2002; Benge et al., 2007). This task has been used extensively in rodents to describe
the behavioral inflexibility that parallels higher-order cognitive deficits reported in the clinic
as a result of neuropsychiatric and neurodegenerative disorders such as schizophrenia,
Alzheimer’s Disease, and Parkinson’s Disease (Tait et al., 2007; Broberg et al., 2009;
Goetghebeur et al., 2010; Rane et al., 2012; Nikiforuk et al., 2016a, 2016b). We previously
utilized the AST to describe executive function impairments resulting from an experimental
brain trauma induced over the right parietal cortex in a cortical deformation depth dependent
manner (Bondi et al., 2014).

Clinical and pre-clinical findings support a cholinergic hypothesis through which disruptions
in acetylcholine (ACh) neurotransmission after traumatic brain injury mediate many of the
cognitive impairments reported (Arciniegas, 2003). Acetylcholinesterase inhibitors
(AChEIS) represent a drug class that has shown improvement in memory and executive
function in TBI patients (Khateb et al., 2005; Tenuovo, 2005; Silver et al., 2006; Ballesteros
et al., 2008) and mixed results in rodents (Shaw et al., 2013; Yu et al., 2015; de la Tremblaye
etal., 2017). Specifically, galantamine (GAL) is an AChEI used as a cognitive enhancer for
patients who present mild dementia, a condition generally found in the elderly population
(Bickel et al., 1991; Coyle and Kershaw, 2001). In TBI studies, AChEIs have been reported
to confer benefits in memory and executive function, however, these findings are somewhat
controversial as a lack of effects or even deleterious effects have been reported after the
administration of certain AchEls such as donepezil (Tenovuo et al., 2005; Ballesteros et al.,
2008; Shaw et al., 2013; Bondi et al., 2018; Campbell et al., 2018). Given that the elderly are
more prone to falls resulting in subsequent brain damage, GAL is of specific interest when
evaluating executive function treatments as it not only inhibits the function of
acetylcholinesterase, but also acts as a non-specific, positive allosteric modulator at the a4-
and a.7-nicotinic acetylcholine receptors (nAChR) and increases the overall expression of
nAChRs in the frontal cortex (Bickel et al., 1991; Fayuk and Yakel, 2004; Geerts et al.,
2005; de la Tremblaye et al., 2017), which has been associated with neuroprotective effects
in both neurodegenerative disorders such as Parkinson’s disease and TBI (Akaike et al.,
2010; Quik et al., 2012; Koukouli and Maskos, 2015). GAL has been shown to enhance
executive function in preclinical studies and has considerable clinical promise. Specifically,
Nikiforuk and colleagues (2015, 2016a,b) reported improved cognitive performance on the
AST after GAL administration in rats, however these studies only evaluated acute GAL
administration. After TBI, chronic GAL dosing has been demonstrated to produce beneficial
effects on the Morris water maze (Hernandez et al., 2006; de la Tremblaye et al., 2017),
however its prospective beneficial effects on a frontal lobe-mediated behavioral task are also
warranted. Hence, the current study sought to further the investigation of GAL as a treatment
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for executive function deficits prevalent in the TBI population by testing the hypothesis that,
when given chronically (i.e. daily from 24 hours post-injury through test day), GAL would
normalize the executive function deficits induced by a moderate CCI in adult male rats.

Fifty-nine adult male Sprague-Dawley rats (Harlan Laboratories Inc., Indianapolis, IN) were
housed in commercially available Plexiglas® cages and maintained in a temperature (21

+ 1 °C) and light (12 hr on/12 hr off; lights on at 7:00 a.m.) controlled environment with
food and water available ad /ibitum. The rats were acclimated to this environment for one
week prior to the beginning of experimental manipulations, all of which occurred during the
light portion of the cycle. All experimental procedures were approved by the Institutional
Animal Care and Use Committee at the University of Pittsburgh. Every attempt was made to
limit the number of rats used and to minimize pain and suffering.

All rats weighed 300-325 grams on the day of surgery and were randomly assigned to either
the controlled cortical impact (CCI) or SHAM injury group. Surgical procedures were
performed as previously described (Shaw et al., 2013; Bondi et al., 2014; de la Tremblaye et
al., 2017; Radabaugh et al., 2017). Briefly, surgical anesthesia was induced with 4%
isoflurane in 2:1 N20:02 and the rats were intubated and secured in a stereotaxic frame.
During surgery the rats were maintained at a surgical level with 2% isoflurane and carrier
gases. A heating pad was used to maintain core temperature at 37 £ 0.5 °C. Using aseptic
procedures, a craniectomy was performed in the right hemisphere with a dental drill, and the
bone plate was removed between bregma and lambda in order to provide sufficient clearance
for the 6 mm-wide impact tip, which was centered within the opening. A TBI was then
produced by impacting the exposed right parietal cortex to a depth of 2.8 mm tissue
deformation at 4 m/sec. After the impact, anesthesia was discontinued and the incision was
promptly sutured. SHAM injury rats were subjected to the same surgical procedures as the
CCl animals except for the cortical impact.

Acute neurological evaluation

Immediately following the termination of anesthesia, hindlimb reflexive ability was
evaluated by briefly squeezing the rats’ paw every 5 sec and recording the time to produce a
withdrawal response. Return of the righting reflex also was measured by recording the time
required to turn from the supine to prone position. These tests are sensitive indicators of
injury severity and duration of anesthesia (Dixon et al., 1991; Kline et al., 2010; Bondi et al.,
2014). Once the effects of anesthesia had completely worn off, as indicated by spontaneous
movement in the holding cage, the rats were returned to the housing facility. Rats were
weighed and their general health was monitored daily until sacrifice.

Drug administration

GAL (galantamine hydrobromide, TCI Chemicals, Portland, OR) was prepared daily by
dissolving in sterile saline, which also served as the VEH. GAL (1 or 2 mg/kg) or a
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comparable volume of VEH (1 mL/kg) was administered intraperitoneally beginning 24 h
after CCl or SHAM injury and once daily for 4 weeks until test day. On the days of
behavioral testing, the injections were administered 1 h prior to testing. The doses were
selected based on preliminary data from our laboratory showing a narrow therapeutic range.
The route of administration is standard protocol in our laboratory (Monaco et al., 2014;
Phelps et al., 2015; de la Tremblaye et al., 2017)

Attentional set-shifting test (AST)

The AST task used in our laboratory was adapted from Birrell and Brown (2000) and has
been described previously (Bondi et al., 2014). One week prior to behavioral testing (i.e. day
21 post-surgery), rat food intake was limited to 80% of the standard diet (i.e. 14 g a day)
with water freely available. We previously reported that injured rats were not more
susceptible to losing weight during the mild food restriction process when initiated at 3
weeks following parietal CCI (Bondi et al., 2014). We also recorded weights on a daily basis
prior to and after food restriction in order to determine whether food restriction, injury, or
drug treatment effected patterns of weight gain prior to testing. Cognitive testing took place
in a custom-built rectangular Plexiglas arena (30 x 51 x 25 cm) that is painted gray on the
outer side of all surfaces. A removable divider separates one third of the arena forming a
start box, which was also used as a holding area between trials to allow the experimenter to
clean the arena and change the pots. There is a permanent divider in the opposite one third of
the arena that separates the two pots from one another. The separation allows for quick
removal of the rat after a response has been recorded. The terracotta digging pots (internal
rim diameter, 7 cm; depth, 6 cm) were all defined by a pair of cues (i.e. odor and digging
media/pot). Each pot was marked with a single, distinct odor by adding two drops (10 pL /
drop) of aromatic oil (NOW Foods, Bloomingdale, IL) to the inner rim 5 days prior to use.
Odors were reapplied daily (1-2 pL) to maintain consistent intensity. A different pot was
used for each combination of digging medium and odor, and only one odor was ever applied
to a given pot. The “reward” was one quarter of a Honey Nut Cheerio (General Mills
Cereals, Minneapolis, MN) buried 2 cm below the surface of the digging medium in the
“positive” pot. To avoid location by smell rather than learning and discrimination, pots were
sprinkled with Cheerio dust prior to each stage. To begin each trial, the removable divider
was lifted to allow the rat access to the other two thirds of the arena and explore the pots. A
correct choice is recorded when the rat chooses the pot containing the Cheerio reward
without digging in the incorrect pot. Digging was defined as a vigorous displacement of the
medium to retrieve and consume the reward buried within the pot. Simply investigating or
smelling the surface of the pot without displacing the material was not considered a “dig”,
thus allowing the rat to be able to assess all characteristics of the pots before making their
choice (i.e., digging). The behavioral procedure was performed over the course of three days
and consisted of habituation, training, and testing.

Habituation: Rats were first trained to dig reliably in pots to obtain the food reward. Two
unscented pots were placed into clean home cages. Every five minutes, a food reward was
buried in the pots with increasing depths of sawdust (i.e. three times at each increment of no
sawdust, one third full, one half full, and completely full pots). Once the rat had learned to
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dig in the pots for a food reward, they were placed into the testing arena and given three
trials to retrieve a Cheerio from both sawdust-filled pots.

Training: Rats were trained on a series of simple discriminations (SD) in order to reach a
criterion of six consecutive correct trials. First, they learned to associate the food reward
with a medium cue using new unscented pots (felt vs. paper strips). After reaching criterion
for the medium discrimination, rats had to learn to discriminate between aromatic odors in
sawdust-filled pots (lemon vs. eucalyptus). All rats were trained using the same pairs of
stimuli and in the same order. The positive and negative cues for each rat were randomly
determined and equally represented. The training exemplars were not used again during
testing. Any rat that failed to complete the training procedure was eliminated from
subsequent testing.

Testing: Rats were then tested on a series of increasingly difficult discrimination stages,
each also requiring a criterion of six consecutive correct trials, based on the cue progression
previously established (Bondi et al., 2014). The first stage was an SD involving only one
stimulus dimension (i.e., odor or medium), with groups split in half with regard to initial
stimulus dimension (for clarity, subsequent description will consider only the example
beginning with an odor discrimination). The second stage was a compound discrimination
(CD), in which the same contingency rule was required (e.g., odor), and the second,
irrelevant stimulus dimension (e.g., medium) was introduced. As in the SD task, only one
odor was associated with reward, but two different digging media were paired randomly
with the odors. The third stage was a reversal (R1) of the previous discrimination, in which
the same odors and media were used. Odor was maintained as the relevant dimension;
however, the negative odor from the previous stage became positive (i.e., was associated
with reward), and the positive odor from the previous stage became negative (no reward).
The fourth stage was an intradimensional (ID) shift in which all new stimuli (odors and
media) were introduced. Again, odor remained the relevant dimension and digging medium
was still irrelevant. The fifth stage was a reversal of this discrimination (R2), in which the
previously negative odor became positive, similar to R1. The sixth task required an
extradimensional (ED) cognitive set-shift, in which all new stimuli were again introduced,
but the dimension that had been repeatedly reinforced as the informative, relevant dimension
(thus forming a “cognitive set”) was now irrelevant, and the previously distracting
dimension (i.e., the digging medium) became the relevant dimension. Finally, the seventh
stage was another reversal (R3), where the previously negative stimulus became positive, as
in the previous reversals. The assignment of each exemplar in a pair as being positive or
negative in a given stage, as well as the left-right positioning of the pots in each trial, were
determined randomly in advance. The dependent measures were the number of trials
required to reach criterion for each stage of the test, the total number of errors per stage, as
well as set-loss errors, which occurred when 50% of the rule contingency had been achieved
(i.e., 3,4, or 5 correct responses followed by an incorrect choice)(Stuss, et al., 2000). The
rats were allowed 10 min to make a choice on each trial. If a choice was not made within
this interval, the trial was scored as an error and the rat was returned to the start box. Rats
failing to make a choice on six consecutive trials, or failing to complete a stage within 50
trials, were eliminated from further testing.
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Cortical lesion volume was assessed after the completion of behavioral testing (i.e., 5 weeks
post-surgery). Rats were anesthetized using Fatal-Plus (Henry Schein Animal Health,
Columbus, OH; 0.25 mL, intraperitoneally) and then perfused transcardially with 200 mL of
0.1 M of phosphate buffered saline (pH 7.4), followed by 300 mL of 4% paraformaldehyde
(PFA). Brains were extracted, postfixed in 4% PFA for 1 week, dehydrated with alcohols,
and embedded in paraffin. Seven-micrometer-thick coronal sections were cut at 1-mm
intervals through the lesion on a rotary microtome and mounted on Superfrost®/Plus glass
microscope slides (Fisher Scientific, Pittsburgh, PA). After drying at room temperature,
sections were deparaffinized in xylenes, rehydrated, and stained with cresyl violet. Cortical
lesion volumes (mm3) were assessed by an observer blinded to experimental conditions
using a Nikon Eclipse 90i microscope (Nikon Corporation, Tokyo, Japan). The area of the
lesion (mm?2) was first calculated by outlining the inferred area of missing cortical tissue for
each section (typically 5-7; Nikon NIS-Elements AR 3.22.14 software; Nikon) and then by
summing the lesions obtained, as previously reported (Olsen et al., 2012; Monaco et al.,
2014; Bondi et al., 2014).

Statistical analyses

Statistical analyses were performed on data collected by observers blinded to treatment
conditions using Statistica 64 version 13 Academic software (Dell Inc., Tulsa, OK).
Righting reflex, hindlimb reflexive ability, and weight gain patterns during food restriction
were analyzed by two-way analysis of variance (ANOVA) with injury and drug as factors to
ensure that no surgery biases were reflected in subsequent drug assignment groups. For
analysis of behavior on the AST, trials to criterion on medium and odor training SDs, as well
as the number of trials to criterion, total response errors, and set loss errors were recorded
for each test stage. These measures were analyzed by three-way multivariate ANOVA
(MANOVA, Injury x Drug Treatment x Stage), with repeated measures over Stage. In order
to ensure that MANOVA assumptions were met, the Levene’s Test for Homogeneity of
Variances and Kolmogorov-Smirnov test for normality were performed. To also alleviate any
biases with regards to perceptual stimuli, ED shift type analyses were achieved by means of
a two-way ANOVA (Shift x Stage), with repeated measures over Stage. When significant
ANOVA or MANOVA main effects or interactions were indicated, post-hoc comparisons to
determine specific group differences were performed using Newman-Keuls tests or post-hoc
one-way ANOVAs, as appropriate. The effects of chronic GAL treatment specifically on
cognitive performance on the R1 stage were then analyzed separately using a priori
hypotheses, which dictated that the design of this experiment predicted an isolated single-
cell effect to which the MANOVA interaction term can be insensitive when embedded in a
complex multi-factorial design in which several of the groups were expected to show no
effect (e.g., see Anderson, 1961). Therefore, these a priori hypotheses were tested
specifically by planned contrast analyses, first comparing TBI rats chronically injected with
VEH to those subjected to SHAM surgery and receiving daily VEH injections, and then
comparing TBI-GAL treated rats (1 or 2 mg/kg/day) to the VEH-treated injured group. Total
trials to criterion across the test and histological data were analyzed using unpaired t-tests.
Results are expressed as the mean + standard error of the mean (SEM), and significance for
all statistical analyses was set at p<0.05.
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A total of 15 rats were excluded from all of the statistical analyses. One injured rat was
eliminated due to death post-surgery. The other exclusions occurred due to an inability to
either complete the training protocol (i.e., 2 TBI and 2 SHAM), an inability to complete
testing (i.e. 2 TBIl and 1 SHAM), an inability to complete the required criterion within 50
trials per stage (i.e., 2 TBI and 1 SHAM), or displayed scores >2 standard deviations above
the group mean after the initial analysis (i.e., 3 TBIl and 1 SHAM).

Acute neurological evaluation

There was a statistically significant effect of TBI compared to SHAM with respect to
withdrawal latency after a brief paw pinch was administered to either limb (left range =
162+4.55 sec, Fq 35= 883.79, p<0.001, right range= 157.55+4.49 sec, Fq 33= 910.81,
p<0.001) after cessation of anesthesia. Moreover, there were no significant differences
observed between groups randomly pre-assigned to commence daily GAL or VEH
injections (left paw: F3 3g= 0.9, p=0.41; right paw: F, 35= 0.92, p=0.41). A two-way
ANOVA also detected significant differences between TBI and SHAM groups for return to
righting ability (F1 35= 325.22, p < 0.001; TBI range: 396.68+14.18 sec; SHAM range:
139.91 +£2.92 sec), again with no bias reflective of subsequent drug group pre-assignment
(F2,38= 1.422, p=0.25). A one-way ANOVA was then used to assess percentage of body-
weight change during the 1 week of mild food restriction as described previously (Bondi et
al., 2014). No differences were revealed among groups regardless of whether they were
SHAM or TBI, VEH or GAL-treated with regard to percent weight loss (all p’s>0.05). Mean
percent weight loss ranged from 2.29% of average body weight at initiation of food
restriction for SHAM rats to 3.68% for TBI rats. Both of these values were well within the
expected range of weight loss following a week of mild food restriction paradigm consisting
of 80% of the rat’s normal diet (Bondi et al., 2008, 2010).

Attentional set-shifting test

Overall MANOVA and AST training—A three-way MANOVA test (Injury x Drug
Treatment x Training stage) revealed a significant effect of Injury (F1 3g= 7.47, p<0.01) for
the total number of trials to reach criterion for the SD tasks during the training day, with no
other significant factors or interaction. Regardless of drug treatment, TBI rats completed the
medium and odor simple discriminations overall slightly faster than SHAM rats (Fig. 1).

AST — ED set-shift comparison—Figure 2 shows a comparison between rats subjected
to an odor-to-medium versus medium-to-odor ED set-shift on the trials to reach the criterion
for each task of the AST regardless of injury or treatment group. There was no significant
effect of ED shift type (F1 42 = 0.02, p=0.88) on AST performance across stages, however
there was a significant ED shift type x Stage interaction (Fg 250,=2.24, p<0.05; Fig. 2A).
Newman Keuls post hoc analyses revealed a significant difference on R3 (p<0.05),
suggesting that overall, rats subjected to a medium-to-odor relevant dimension switch
performed worse that rats subjected to an odor-to-medium switch. No other stage
comparisons were significantly different regardless of the dimension to which the
contingency belonged, such as odor or medium. When a t-test was subsequently performed
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to compare total trials across the test for rats assigned to either of the two perceptual stimuli
set-shifts, no differences were unveiled by means of an independent t-test (t4o= 0.88, p=0.31,
Fig. 2B).

AST — Total Trials to Criterion—Figure 3 shows the effects of parietal CCI injury and
chronic systemic GAL administration (1 or 2 mg/kg/day, i.p.) on the trials to criterion (TTC)
for each stage of the AST at 4 weeks post-surgery. A three-way repeated measures
MANOVA (Injury x Drug Treatment x Stage), with repeated measures over Stage, revealed a
significant effect of Stage (Fs 228= 23.01, p<0.001), a significant Injury x Drug interaction
(F2,38=3.33, p<0.05), while the Drug x Stage interaction neared significance (F12 228= 1.62,
p=0.08), but no effects of Injury (F1 3g=0.4, p=0.53) or Drug (F2,35=0.79, p=0.46) alone, nor
an Injury x Drug Treatment x Stage interaction (F12 228=1.32, p=0.21). In order to ensure
that MANOVA assumptions were met, the Levene’s Test for Homogeneity of Variances
rendered equal error variances on all stages analyzed [R1: F5,38=1.4, p=0.24; ED: F5,38=
1.95, p=0.11; R3: F5,38=1.29, p=0.29]. Moreover, the Kolmogorov-Smirnov test for
normality also rendered data distribution as normal on all stages [R1: d=1.6; ED: d=0.11;
R3: d=0.14, all p’s not significant). For the main effect of Stage, post-hoc comparisons
across all groups showed that significantly more trials were required to reach criterion
during R1 (compared to all other tasks, p’s<0.001), ED (compared to SD, p<0.05 and R2,
p<0.01), and R3 (compared to SD, CD, ID, and R2; p’s<0.005). As previously reported, this
effect validates the inherent difficulty of stimulus reversals and the ED shift stage compared
to other stages of the AST (Bondi et al., 2008, 2010, 2014). Subsequent post-hoc ANOVAS
for individual AST stages did not render significant effects based on Injury or Drug factors
(p’s>0.05), including on the first stage, a SD, which was a repetition of previous training
stages but with all new stimuli, thus inferring the injury-related advantage during training
was not transferred to testing (Fig. 3). On the R1, ED, and R3 stages, where higher-order
behavioral flexibility governs the ability to unlearn the previous stimulus while learning a
new rule, one-way ANOVAs rendered a trend for the Drug factor in R1 (F, 35= 2.91,
p=0.07), but no other factor effects on either stage (p’s>0.05). Post-hoc analyses also
determined that on the R1 stage, the relevant comparisons [TBI + VEH versus SHAM +
VEH, TBI + GAL (1mg/kg) versus TBI + VEH, and TBI + GAL (2 mg/kg) versus TBI
+VEH] neared significance (all p’s <0.09) but was, as predicted, compromised by being
embedded in a complex multi-factorial design in which several of the groups were expected
to show no effect (i.e., drug effects in SHAM rats). These three relevant group comparisons
were all p >0.2 for the ED and R3 stages. However, planned contrasts analyses for the three
pre-determined relevant comparisons on R1 rendered a significant overall effect (F3 35=3.01,
p<0.05), with TBI + VEH rats performing significantly worse than SHAM + VEH rats, and
both GAL treatment regimens significantly reversing the TBI-induced cognitive deficit on
reversal learning (all p’s <0.05, Fig. 3). Planned contrasts for ED and R3 were not
significant (ED: F3 3g=0.16, p=0.92, contrast p’s >0.6; R3: F3 33=0.8, p=0.5, contrast
p’s>0.16).

AST — Total Errors—Figure 4 depicts the effects of CCI and chronic GAL treatment (1 or
2 mg/kg/day, i.p.) of the total errors (TE) for each test stage at 4 weeks post-surgery. A
three-way repeated measures MANOVA with repeated measures over Stage, revealed a
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significant effect of Stage (Fg 208=26.06, p<0.001), a significant Injury x Drug interaction
(F2,38=3.66, p<0.05), but no effects of Injury (F1 38=0.4, p=0.53), Drug (F2 38=0.73,
p=0.49), Drug x Stage interaction (F12 20g=1.56, p=0.1), nor an Injury x Drug Treatment x
Stage interaction (F12 228=1.47, p=0.14). For the main effect of Stage, post-hoc comparisons
across all groups showed that significantly more errors occurred in order to reach criterion
during R1 and R3, compared to all other tasks (R1 versus all other stages: p’s<0.001; R3
versus SD-R2, p’s<0.001, R3 versus ED, p<0.05). Subsequent post-hoc ANOVAs for
individual AST stages did not render significant effects based on Injury or Drug factors
(p’s>0.05), except on ID, where there was a significant Injury x Drug Treatment interaction
(F2,38= 5.75, p<0.01), which was not accompanied by any significant post-hoc comparisons
(p’s>0.05). In parallel with TTC analyses, planned contrasts analyses for the three pre-
determined relevant total error comparisons on each of the three stages of interest (R1, ED,
and R3) rendered a near significance overall omnibus F effect for R1 (F3 35=2.66, p=0.06),
with individual contrasts showing TBI + VEH rats to perform significantly worse than
SHAM + VEH rats (p<0.05), and both GAL treatment regimens significantly reversing the
TBI-induced cognitive deficit on reversal learning (both p’s <0.05, Fig. 4). Planned contrasts
for ED and R3 were not significant (ED: F3 33=0.01, p=0.99, contrast p’s>0.87; R3:
F338=0.69, p=0.56, contrast p’s>0.17).

AST — Set Loss Errors—Set loss errors for each rat on every stage were calculated as the
errors occurring after 50% or more of contingency acquisition has been achieved (i.e., an
error after three, four, or five correct responses), parallel to the WCST (Stuss et al., 2000).
Repeated-measures MANOVA found a significant effect of Stage only (Fg 228,= 4.57,
p<0.001), but no other group effects or interactions. For the main effect of Stage, post-hoc
comparisons across all groups, regardless of injury or drug treatment, showed that
significantly more trials were required to reach criterion during R1, compared to all other
tasks (R1 versus: SD, p<0.005; CD, p<0.01; ID, p<0.001; R2, p<0.001; ED, p<0.05; R3,
p<0.005), however additional injury- or drug-related post hoc analyses were not further
performed for this measure (data not shown).

Histology: Cortical lesion volume

At 5 weeks post-surgery, the mean cortical lesion volume in the TBI-VEH group was 43.31
mm3, in line with previous reports (Bondi et al., 2014), while mean cortical lesion volume
for the TBI + GAL (1mg/kg) group was 34.22 mm3, and the TBI + GAL (2mg/kg) group
had a mean cortical lesion volume of 30.64 mm? Individual t-test analyses revealed that the
TBI + GAL (2 mg/kg) group exhibited statistically smaller cortical lesions than TBI + VEH
group (t7 = 3.85, p<0.01, Fig. 5). No other group comparisons were significant.

Discussion

Traumatic brain injuries are known to induce a wide array of cognitive disabilities, including
deficits in executive functioning and behavioral inflexibility, and yet preclinical behavioral
studies rarely evaluate these higher order impairments (Horneman and Emanuelson, 2009;
Bondi et al., 2014). There is a large and constantly expanding collection of TBI studies that
report deficits in spatial learning and working memory using behavioral tasks such as the
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Morris water maze and the Barnes maze (Hernandez et al., 2006; Fedor et al., 2010; Kline et
al., 2010; Nudi et al., 2015; de la Tremblaye et al., 2017; Radabaugh et al., 2017), however,
tasks more sensitive to executive function deficits are rarely utilized. A previous study from
our laboratory implemented a well-validated behavioral assessment known as the AST
(Bondi et al., 2014), which incorporates increasingly difficult rule shifts to obtain a food
reward and draws conceptual parallels to the Wisconsin Card Sorting Test (WCST) typically
employed to evaluate similar executive function deficits in humans (Birrell and Brown,
2000; Stuss et al., 2000; Greve et al., 2002; Benge et al., 2007). Our initial study reported
executive function impairments resulting from an experimental brain trauma induced over
the right parietal cortex in a cortical deformation depth dependent manner. In order to
expand the pharmacological armamentarium suitable to resolve cognitive impairments post-
injury, the current study sought to determine if the TBI-induced deficits in executive
function and behavioral inflexibility can be ameliorated by chronically administering GAL,
an acetylcholine-enhancing pharmacotherapy previously shown to confer benefits in several
conditions characterized by cognitive deficits, such as dementia and Alzheimer’s disease
(Coyle and Kershaw, 2001). As the elderly represent an at-risk population for TBIs, the
goals were to assess effects of chronic GAL on higher-order cognitive function in rats: 1)
initiate at 24 hrs post-injury in order to preserve experimental design parameters previously
shown to be beneficial on motor tasks and spatial learning, as well as to commence prior to
secondary cascade damage taking place; 2) mimic chronic administration as in the clinic
(Nagakawa et al., 2017), to be followed in future experiments with aged rats subjected to
TBI.

Prior to AST, rats were placed on a week-long mild food restriction to encourage motivation
during testing days. Weights were monitored during this time and no differences were
detected among groups regardless of whether they were SHAM or TBI, VEH or GAL-
treated with regard to percent weight loss (all p’s>0.05). Mean percent weight loss ranged
from 2.29% of average body weight for SHAM rats to 3.68% for TBI rats, which is within
the expected range of weight loss without affecting behavior (Bondi et al., 2008; Bondi et
al., 2010). Interestingly, a modest in magnitude but significant effect of injury was revealed
during training, such that injured rats learned the simple discriminations faster, regardless of
drug treatment, if anything further strengthening the injury-related deficits observed the next
day during complex rule reversal. It is thus feasible that GAL treatment in TBI rats
maintained performance at optimal levels during both training and testing sessions. During
AST, rats subjected to TBI performed significantly worse on R1, manifested as higher total
trials and total errors prior to reaching criterion of six consecutive correct responses. These
findings replicate our previous study that revealed impairments in reversal learning post-TBI
(Bondi et al., 2014). There is typically little room for improvement in simpler, initial stages
(SD, CD) or the intra-dimensional set-shift (ID) and its reversal (R2), where rats are
reinforcing the previous stages (CD and R1) (Tait et al., 2018). Herein, we did not observe
ED shift or R3 deficits post-injury, however ED stage and reversal learning stages,
particularly R1 and R3 which occur for the first time in a new dimension, may exhibit
inherent variability with regard to the same manipulation such that it is not imperative to
obtain the exact deficits across multiple studies in order to acknowledge their existence
(Naegeli et al., 2013; Jett et al., 2015). This behavioral flexibility deficit, however, was
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normalized by daily administration of GAL regardless of dose, 1 or 2 mg/kg/day, suggesting
that this pharmacotherapy can ameliorate deficits in executive function impairments post-
TBI. Benefits of acute GAL administration have been previously reported in AST alone
(Nikiforuk et al., 2015) or sub-acute administration (4 days) following CCI positively
impacting blood brain barrier integrity, hippocampal cell survival, spatial learning, and
declarative memory, however it was not employed in a clinically-relevant chronic treatment
regimen (Zhao et al., 2018).

Olfactory dysfunction is a commonly reported symptom post-TBI and could potentially
impact the findings of the AST (Callahan et al., 1999; Bondi et al., 2014). To account for
this possible dimensional bias, half of the rats begin their testing with odor and switched to
medium during the ED shift stage and the other half begin with medium and switched to
odor. When collapsing rats across all groups, there was a significant ED shift type x Stage
interaction, such that rats subjected to a medium-to-odor relevant dimension performed
worse on R3 only, where there were no injury or drug-related group differences. Moreover,
there was no contingency shift difference on R1, where TBI-related cognitive deficits and
drug-mediated benefits were revealed for both total trials and total errors, suggesting that
olfactory dysfunction did not play a significant role in the current findings. Although the
CCl injury is often coined as a “focal” model of TBI, the damage is not contained to the area
of actual impact (Hall et al., 2005; Osier and Dixon, 2014). Due to the detrimental
pathophysiologic cascades initiated by the mechanical, shearing forces of the impactor tip
compressing the brain tissue, areas outside the range of the actual impact are also subjected
to extensive damage. The deficits observed in the AST are likely due to interrupted
functioning and interconnectivity of brain areas such as the hippocampus, frontal cortices,
and striatum (reviewed in McAllister, 2011 and Bondi et al., 2014). This hypothesis is
further corroborated by the observation of damage extending beyond the area of impact
when analyzing the cortical lesion volumes. However, it is interesting to note that only the 2
mg/kg dose of GAL resulted in significantly smaller lesions. It is not uncommon, however,
for studies to report both a narrow dose range of GAL in TBI as well as a lack of correlation
between functional and histological recovery demonstrating the complex and heterogenous
nature of TBI (Clausen and Hillered 2005; Marklund et al., 2009; Kline et al., 2010; de la
Tremblaye et al., 2017).

Impairments in the reversal stages of AST may be attributed to damage in specific brain
regions. In fact, previous studies using targeted chemical lesions have evaluated this
hypothesis. McAlonan et al. (2003) demonstrated that selective damage to the orbital
prefrontal cortex (OPFC) using ibotenic acid results in reversal learning deficits such as a
difficulty in overcoming learning when a stimulus has become irrelevant. This is consistent
with the clinical understanding that damage to the OPFC often results in deficits in decision
making associated with reward expectation. Additionally, Tait et al. (2017) reported that a 6-
hydroxydopamine lesion to the dorsomedial striatum, a downstream projection zone of the
PFC, also results in reversal deficits supporting the theory that the frontal lobe and striatum
are heavily implicated in the ability to adapt to novel environmental contingencies.

Acetylcholine (ACh) acts as both a neurotransmitter and neuromodulator in the striatum,
prefrontal, and frontal cortices and is thus thought to be strongly associated with executive
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functioning, being implicated in both age related cognitive decline (Quik et al., 2012;
Wallace and Bertrand, 2013; Chauhan et al., 2016; de la Tremblaye et al., 2017) and
nootropic effects of both nicotine and AChEIs (Wallace and Bertrand, 2013; Nikiforuk et al.,
2015). Notably in the striatum, ACh exerts a large influence by altering the transmission of
medium spiny neurons, the main output of this brain region (Lim et al., 2014; Liu et al.,
2007). This alteration has been implicated in many conditions that result in cognitive deficits
such as Parkinson’s disease (Lim et al., 2014; Tait et al., 2017). On the other hand, the
prefrontal cortex is involved in the coordination of cortical and subcortical inputs converging
to execute higher order cognitive functions (Wallace and Bertrand, 2013), thus indirectly
affecting AST performance albeit not being directly injured following CCI. A notable brain
region that could also be partially implicated in executive function deficits is the
hippocampus due to the complex hippocampal-neocortical connectivity (Bondi et al., 2014).
Altering hippocampal levels of ACh is believed to play a vital role in learning and memory
(Hasselmo, 2006) given that cholinergic input from the medial septum may influence
changes in the CA1 region interneuron membrane potentials following ACh release
suggesting a potential mechanism behind the spatial learning benefits reported after
administering AChEI’s (McQuiston, 2014; de la Tremblaye et al., 2017). Additionally,
degradation of the medial PFC results in memory consolidation impairment associated with
decreased task-related hippocampal- PFC connectivity and is often implicated in age-related
cognitive decline (Rattenborg et al., 2010; Wang et al., 2011; Mander et al., 2013).

In addition to the cholinergic system playing a direct role in a plethora of brain areas
associated with higher-order cognitive functions, specific ACh receptor subtypes are
implicated in modulating other neurotransmitter systems. In respect to dopamine, striatal D1
receptors that contribute to positive reinforcement learning, a larger component of both the
WCST and the AST, are indirectly activated via the a7-nAChR subtype (Hamada et al.,
2004; Hong and Hikosaka, 2007). Additionally, recent studies have emphasized the role of
a7-nAChRs in several different neuropsychiatric conditions due to its involvement in the
interaction between the cholinergic and glutamatergic systems (Koukouli and Maskos,
2015). Glutamate is the main modulatory neurotransmitter in the brain, however, increased
levels of this neurotransmitter following TBI results in wide spread neurotoxicity (O’Neil et
al., 2018). Recent studies have shown that positive allosteric modulators of both the a.7-
nAChRs and the a4-nAChRs result in neuroprotection, a benefit attributed to the effects
these receptors have on glutamatergic cells (Akaike et al., 2010; Quik et al., 2012), which
may also support the mechanism of action of GAL. The ever-expanding preclinical literature
on functional recovery post-TBI is leaning towards investigating common executive function
impairments that plague the patient population. This study further supports the notion that
the AST can be used as a measure for impairments in higher-order cognitive functions and
behavioral flexibility, and demonstrates that performance deficits can be normalized by
GAL. Additionally, these findings support the theory that ACh is profoundly involved in
brain areas that modulate complex attention and provide evidence as grounds for further
testing this therapy in aged subjects, alone or in combination with rehabilitation exposure. If
similar results are found, the use of GAL could be become more frequently used in the clinic
as the elderly population have an increased incidence of TBI.
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Fig. 1.
Mean + standard error of the mean (SEM) trials to reach criterion on simple discriminations

tasks (medium and odor) on the training day preceding testing. Overall, regardless of drug
treatment, TBI rats completed the medium and odor simple discriminations slightly faster
than SHAM rats. No individual group comparisons were significant (n=7-8/group; overall
effect of Injury, p<0.01).
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Fig. 2.

A) Progression through the attentional set-shifting protocol stages renders comparable
cognitive performance patterns for trials to reach criterion of six consecutive correct
responses regardless of the initial discriminative dimension (odor or medium), on the first
six stages of the AST. A significant ED shift type x Stage interaction rendered rats subjected
to a medium-to-odor relevant dimension switch performing worse that rats subjected to an
odor-to-medium switch on R3 only. However, there was no injury-related bias against a
sensory modality necessary for contingency rule acquisition (i.e., forming a cognitive set)
and extradimensional set-shifting. B) No differences were reported when comparing total
trials across the complete test for rats assigned to either of the two perceptual stimuli set-
shifts. Data are expressed as mean trials to criterion = SEM (n=22/group). SD, simple
discrimination; CD, compound discrimination; ID, intradimensional set-shift; ED,
extradimensional set-shift; R1, first reversal; R2, second reversal; R3, third reversal.
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Fig. 3.

antrolled cortical impact injury impaired reversal learning on the AST compared to SHAM
+ VEH, manifested as an overall significantly higher number of trials to criterion, while
chronic GAL treatment (1 and 2 mg/kg/day) restored cognitive performance after brain
trauma. Significantly more trials were required to reach criterion during R1 (compared to all
other tasks), ED (compared to SD and R2), and R3 (compared to SD, CD, ID, and R2) when
rats were collapsed across groups (p’s<0.05). *p<0.05 versus SHAM + VEH group, *p<0.05
versus TBI + VEH group. Data are expressed as mean trials to criterion + SEM (n=7-8/
group). TBI, traumatic brain injury; AST, attentional set-shifting test.
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Fig. 4.

antrolled cortical impact injury impaired reversal learning on the AST compared to SHAM
+ VEH, manifested as significantly higher total response error rates in the AST, while
chronic GAL treatment (1 and 2 mg/kg/day) restored cognitive performance after brain
trauma. When rats were collapsed across groups, significantly more errors occurred in order
to reach criterion during R1 and R3, compared to all other tasks (p’s<0.05). *p<0.05 versus
SHAM + VEH group, *p<0.05 versus TBI + VEH group. Data are expressed as mean total
errors = SEM (n=7-8/group).
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Fig. 5.

A)gMean (+ SEM) cortical lesion volume (mm3) 5 weeks after controlled cortical impact
injury at 2.8 cortical deformation depth. Left to right: TBI + VEH group represents rats that
were injured and did not receive drug treatment; TBI + GAL (1 mg/kg) and TBI + GAL (2
mg/kg) groups represent rats receiving one of the two doses of GAL administration. CCl
injury produced the largest cortical lesion volume, with GAL dose-dependently reducing the
extent of cavity formation (*p<0.01 versus TBI + VEH group). B-D) Panels are mean
depictions of the lesion within each group at the level of the dorsal hippocampus (TBI +
VEH at top, TBI + GAL (1mg/kg) in middle, TBI + GAL (2 mg/kg) at bottom).
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