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Abstract

Environmental enrichment (EE) enhances cognition after traumatic brain injury (TBI). Galantamine (GAL) is an ace-

tylcholinesterase inhibitor that also may promote benefits. Hence, the aims of this study were to assess the efficacy of GAL

alone (standard [STD] housing) and in combination with EE in adult male rats after TBI. The hypothesis was that both

therapies would confer motor, cognitive, and histological benefits when provided singly, but that their combination would

be more efficacious. Anesthetized rats received a controlled cortical impact or sham injury, then were randomly assigned

to receive GAL (1, 2, or 3 mg/kg; intraperitoneally [i.p.]) or saline vehicle (VEH; 1 mL/kg; i.p.) beginning 24 h after

surgery and once daily for 21 days (experiment 1). Motor (beam-balance/walk) and cognitive (Morris water maze

[MWM]) assessments were conducted on post-operative Days 1–5 and 14–19, respectively. Cortical lesion volumes were

quantified on Day 21. Sham controls were better versus all TBI groups. No differences in motor function or lesion volumes

were observed among the TBI groups ( p > 0.05). In contrast, GAL (2 mg/kg) enhanced MWM performance versus VEH

and GAL (1 and 3 mg/kg; p < 0.05). In experiment 2, GAL (2 mg/kg) or VEH was combined with EE and the data were

compared with the STD-housed groups from experiment 1. EE alone enhanced motor performance over the VEH-treated

and GAL-treated (2 mg/kg) STD-housed groups ( p < 0.05). Moreover, both EE groups (VEH or GAL) facilitated spatial

learning and reduced lesion size versus STD + VEH controls ( p < 0.05). No additional benefits were observed with the

combination paradigm, which does not support the hypothesis. Overall, the data demonstrate that EE and once daily GAL

(2 mg/kg) promote cognitive recovery after TBI. Importantly, the combined therapies did not negatively affect outcome

and thus this therapeutic protocol may have clinical utility.
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Introduction

A proposed cholinergic hypothesis, based on clinical and

pre-clinical data, posits that disruptions in acetylcholine

(ACh) neurotransmission after traumatic brain injury (TBI) medi-

ate many of the cognitive impairments reported.1 Support for the

hypothesis is derived from numerous studies showing injury-

related alterations in the cholinergic system, such as reduced ACh

turnover and release, decreased expression of muscarinic and

nicotinic ACh receptors, vesicular ACh transporters, and choline

acetyltransferase (ChAT), the rate-limiting enzyme for the syn-

thesis of ACh.2–10 In parallel with the aforementioned choliner-

gic disruptions, cognitive performance also is diminished.11–15 As

such, several therapeutic strategies have been used to attenuate

cognitive deficits or improve performance after TBI.15,16 Among

them, acetylcholinesterase inhibitors (AChEIs), which extend the

effect of ACh on neurons and restore cholinergic tone, have re-

ceived the most attention.12–15

AChEIs have shown improvement in memory and executive

function in TBI patients17–23 and mixed results in rodents.24,25 For

example, donepezil, a competitive, reversible, and potent AChEI,

exhibits small-to-moderate pro-cognitive effects in humans23 and
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in select laboratory conditions.24–28 In a murine model of cortical

impact injury, donepezil was reported to improve spatial learn-

ing24; however, the effect was modest and the post hoc statistic did

not correct for multiple comparisons, which may have affected the

interpretation. In marked contrast, low doses of donepezil were not

only ineffective in promoting spatial learning and motor function

after a moderate controlled cortical impact (CCI) injury, but once

daily doses of 2 mg/kg and 3 mg/kg were actually detrimental to the

recovery process.25 Similarly, low doses of physostigmine, a re-

versible AChEI, prevented TBI-induced spatial memory impair-

ments and attenuated locomotor deficits in a rotarod task, but higher

doses led to a decline in performance.29,30 Daily administration of

tacrine after moderate fluid percussion injury also resulted in a

dose-related impairment of water maze performance for both TBI

and sham-operated controls.31 While these AChEIs may enhance

cholinergic neurotransmission, their action is ubiquitous and may

lead to increased incidence of cholinergic side effects, which limit

their use.32,33

However, unlike the aforementioned AChEIs, galantamine

(GAL) is unique because at low doses it acts as an allosteric po-

tentiating ligand at a4- and a7-nicotinic ACh receptors (nAChR),

while at high doses it acts as a competitive and reversible AChEI

with considerably weaker potency and shorter duration of action,

compared with donepezil.34–36 GAL decreases AChE activity and

increases nAChRs expression mainly in the frontal cortex and

hippocampus,37,38 which are brain regions that often become dys-

functional after clinical or experimental TBI.39–41 Therapeutically,

GAL is associated with improved episodic memory and amelio-

ration of depressive symptoms in TBI patients.42 GAL also has

been shown to improve cognitive function in patients with Alz-

heimer’s disease and mild cognitive impairment.43–48 Moreover, a

substantial proportion of patients who failed to recover with do-

nepezil exhibited benefits when switched to GAL, suggesting that

previous failures in responding to certain AChEIs do not predict

responses to others, such as GAL.49

The differential findings reported with AChEIs underscore the

importance of other neurotransmitters in mediating cognition and

therefore evaluating these pharmacotherapies in concert with more

broad-spectrum therapeutic paradigms to restore homeostasis may

be more fruitful in alleviating cognitive deficits after TBI. An ideal

candidate therapy to augment or complement pharmacotherapies is

environmental enrichment (EE). EE is an expansive living condi-

tion affording a plethora of physical, sensory, and social stimula-

tion.50–54 Because of its consistent and robust effectiveness in

conferring motor, cognitive, and histological benefits after TBI,50–57

EE is considered a pre-clinical model of neurorehabilitation.53,54

Moreover, the EE-induced benefits are long-lasting58 and can be

achieved even when initiation is delayed59,60 or abbreviated.61 EE

also can provide additional benefit when combined with other

therapeutic strategies that on their own also confer improvement,

and thus this strategy is relevant to mimic clinical rehabilitation

that often is paired with pharmacotherapies.62–64

Although GAL appears to be less toxic and more effective than

other AChEIs, such as donepezil, due to its actions as a weaker

AChEI and a powerful nicotinic ligand,65,66 its therapeutic efficacy

on neurological recovery after TBI remains unclear. Hence, the aims

of this study were to evaluate the therapeutic dose profile of chronic

pharmacological treatment with GAL on motor, cognitive, and his-

topathological outcomes after TBI (experiment 1), then to combine

the optimal dose with EE (experiment 2) to test the hypothesis that

both therapies will confer benefits when provided singly, but their

combination would be more efficacious than either alone.

Methods

Experiment 1: GAL dose response

Animals. Forty-eight adult male Sprague-Dawley rats (Har-

lan, Indianapolis, IN) weighing 300–325 g on the day of surgery

were pair-housed in standard (STD) steel-wire mesh cages, and

maintained in temperature- (21 – 1�C) and light- (on 7:00 a.m. to

7:00 p.m.) controlled environment with ad libitum access to rat

chow and water. After 1 week of acclimatization, the rats were pre-

trained on the beam-walk/balance tasks. All experimental proce-

dures were carried out during the light cycle and were approved

by the Institutional Animal Care and Use Committee (IACUC) at

the University of Pittsburgh. Every attempt was made to limit the

number of rats used and to minimize suffering.

Surgery. On the day of surgery, the rats were pre-assessed on

the motor tasks to determine baseline performance. A controlled

cortical impact (CCI) injury was subsequently produced as de-

scribed previously.58–61,63,64,67–69 Briefly, surgical anesthesia was

induced and maintained with inhaled concentrations of 4% and 2%

isoflurane, respectively, in 2:1 N2O:O2. After endotracheal intu-

bation, the rats were secured in a stereotaxic frame and ventilated

mechanically. Core temperature was maintained at 37 – 0.5�C with

a heating blanket. Using aseptic procedures, a midline scalp inci-

sion was made, the skin and fascia were reflected to expose the

skull, and a craniectomy (6 mm in diameter) was made in the right

hemisphere with a trephine. The craniectomy was enlarged further

with rongeurs to accommodate the 6-mm impact tip. Subsequently,

the impacting rod was extended and the impact tip was centered and

lowered through the craniectomy until it touched the dura mater,

then the rod was retracted and the impact tip was advanced 2.8 mm

farther to produce a brain injury of moderate severity (2.8 mm

tissue deformation at 4 m/sec). Immediately after the CCI, anes-

thesia was discontinued, the incision was sutured, and the rats

were extubated and assessed for acute neurological outcome.

Sham rats underwent similar surgical procedures, but did not re-

ceive the impact.

Post-surgery. After surgery, the rats were randomly assigned

to four TBI groups, which are represented as TBI + STD + GAL

(1 mg/kg; n = 8), TBI + STD + GAL (2 mg/kg; n = 8), TBI + STD +
GAL (3 mg/kg; n = 8), TBI + STD + vehicle (VEH; 1 mL/kg; n = 8)

and four sham control groups (n = 4 per group) that received the

same doses of GAL and VEH as their TBI counterparts.

Acute neurological evaluation. Hind limb reflexive ability

was assessed immediately after the discontinuation of anesthesia by

gently squeezing the rats’ paw every 5 sec and recording the latency

to elicit a withdrawal response. Return of the righting reflex was

determined by the time required to turn from the supine to prone

position on three consecutive trials.

Drug administration. GAL (Sigma-Aldrich, St. Louis, MO)

was prepared daily by dissolving in sterile saline, which also served

as the VEH. GAL (1, 2, or 3 mg/kg) or a comparable volume of

VEH (1 mL/kg) was administered intraperitoneally beginning 24 h

after cortical impact or sham injury and once daily for 3 weeks.

On the days of behavioral testing, the injections were adminis-

tered 1 h prior to testing. The doses were selected based on pre-

liminary data from our laboratory showing a narrow therapeutic

range. The route of administration is standard protocol in our

laboratory. 58–61,63,64,67–69
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Motor function. Motor performance was assessed using well-

established and well-documented beam-balance and beam-walk

tasks.58–61,63,64,67,68,70 Briefly, beam-balance consisted of placing

the rat on an elevated narrow beam (1.5 cm wide) and recording the

time it remained on for a maximum of 60 sec. Beam-walk consisted

of recording the elapsed time to traverse the beam (2.5 cm wide ·
100 cm long). Pre-assessment was conducted prior to surgery (to

establish a baseline measure), as well as on post-operative Days 1–

5, and consisted of three trials (60 sec allotted time) per day on each

task. The average daily scores for each subject were used in the

statistical analyses.

Cognitive function: spatial learning. Acquisition of spatial

learning was assessed using a Morris water maze (MWM) task.71

The maze consisted of a plastic pool (180 cm diameter; 60 cm high)

filled with tap water (26 – 1�C) to a depth of 28 cm and was posi-

tioned in a room with salient visual cues. The platform was a clear

Plexiglas stand (10 cm diameter, 26 cm high) that was positioned

26 cm from the maze wall in the southwest quadrant and held

constant for each rat. Spatial learning consisted of providing four

blocks of daily trials (4 min inter-trial interval) for 5 consecutive

days (post-operative Days 14–18) in which the rat was given a

maximum of 120 sec to find the hidden platform (2 cm below the

water surface). On post-operative Day 19, the platform was raised

2 cm above the water surface, making it visible to the rat; this

manipulation served as a control to determine the contributions of

non-spatial factors (e.g., sensorimotor performance, motivation,

and visual acuity) on cognitive performance. Each trial lasted until

the rat climbed onto the platform or the maximum allotted time had

elapsed. If the rats did not find the platform within the given time,

they were manually guided to it. All rats remained on the platform

for 30 sec, then were returned to a heated incubator between trials.

The times of the four daily trials for each rat were averaged and

used in the statistical analyses. A spontaneous motor activity re-

cording and tracking system (San Diego Instruments, San Diego,

CA) was used to record the data, which included time to locate the

platform and percent time in the target quadrant.

Histology: quantification of cortical lesion volume. Three

weeks after CCI or sham injury the rats were anesthetized with

Fatal-Plus (0.3 mL, intraperitoneally), then perfused transcardially

with 200 mL 0.1 M phosphate-buffered saline (pH 7.4) followed by

300 mL 4% paraformaldehyde. The brains were extracted, post-

fixed in the perfusate for 1 week, dehydrated with alcohols, and

embedded in paraffin. Coronal sections (7-lm thick) were cut at

1-mm intervals through the lesion on a rotary microtome and

mounted on Superfrost/Plus glass microscope slides. After drying

at room temperature, the sections were deparaffinized in xylenes,

rehydrated, and stained with cresyl violet. Cortical lesion vol-

umes (mm3) were determined by calculating the area of the lesion

(mm2), which was done by outlining the inferred area of missing

cortical tissue for each section (typically 5–7) taken at 1-mm in-

tervals (MCID, Imaging Research, Ontario, Canada), then by

summing the lesions obtained from each section as previously re-

ported.50,68,69,72,73

Experiment 2: combined therapeutic paradigm,
GAL + EE

Subjects and surgery. An additional 24 adult male rats were

added to this experiment, which consisted of two TBI groups (n = 8

per group) and two sham control groups (n = 4 per group) denoted

as TBI + EE + VEH (1 mL/kg), TBI + EE + GAL (2 mg/kg), Sham +
EE + VEH (1 mL/kg), and Sham + EE + GAL (2 mg/kg). Initial

housing, motor pre-training, surgery, and acute neurological eval-

uation were identical to that described for experiment 1. These

groups were compared with the TBI + STD + VEH and TBI + STD

+ GAL (2.0 mg/kg) groups and their respective sham controls from

experiment 1. Given that experiment 1 and experiment 2 were

conducted in close proximity (within a week) by the same per-

sonnel, we felt there were no confounds that could affect the out-

comes and hence it was unnecessary to use more rats, which is in

line with the University of Pittsburgh IACUC and National In-

stitutes of Health (NIH) guidelines. Assessment of motor and

cognitive function, as well as histological outcomes for experiment

2, were performed exactly as for experiment 1.

Drug administration. The dose of GAL for comparison be-

tween the STD and EE groups was selected based on the finding

from experiment 1 showing that 2 mg/kg was most effective. Drug

preparation and route and frequency of administration were iden-

tical to that described for experiment 1.

Housing conditions: environmental manipulation. Following

surgery and after the effects of anesthesia abated (as evidenced

by spontaneous movement in the holding cage), the rats were re-

turned to the colony where those designated for enrichment were

immediately placed in specifically designed steel-wire cages

(91 · 76 · 50 cm). The EE cages consisted of three levels with

ladders to ambulate from one level to another and contained various

toys (e.g., balls, blocks, and tubes), nesting materials (e.g., paper

towels), and ad libitum food and water.50,53,54,74 To maintain

novelty, the objects were rearranged every day and changed each

time the cage was cleaned, which was twice per week. Ten to 12

rats, which included GAL and VEH-treated TBI and sham controls,

were housed in the EE together to minimize variability among the

groups. Rats in the STD conditions were placed in typical shoebox

cages (37 · 25 · 18 cm, two rats per cage) with only food and water.

Statistical analysis

All analyses were performed using StatView 5.0.1 software

(Abacus Concepts, Inc.) on data collected by blinded experiment-

ers. The motor and cognitive analyses were conducted using

repeated-measures analysis of variance (ANOVA). The acute

neurological data (i.e., hind limb withdrawal reflex and righting

reflex), as well as the data for the visible platform, probe trial, swim

speed, and cortical lesion volume, were analyzed using one-factor

ANOVAs. When the overall ANOVA revealed significant effects,

the Newman-Keuls post hoc test was used to determine specific

group differences. The results are expressed as the mean – standard

error of the mean (standard error of the mean [SEM]) and were

considered significant when p £ 0.05.

Results

Experiment 1: GAL dose response

Sham controls did not differ from one another, regardless of

treatments, and thus they were pooled into one group (denoted as

SHAM).

Acute neurological function. No differences were revealed

among the TBI groups in the hind limb withdrawal reflex (left

range = 179.3 – 7.3 sec to 193.8 – 6.7 sec, p > 0.05; right range =
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173.6 – 7.2 sec to 181.8 – 4.7 sec, p > 0.05) or for return of righting

ability (range 374.7 – 8.1 sec to 393.9 – 9.6 sec, p > 0.05) following

the discontinuation of anesthesia. However, as expected, all TBI

groups were significantly different from the SHAM controls, who

displayed limb withdrawal reflex times ranging from 29–34 sec and

righting reflex times of 96–104 sec ( p < 0.05).

Motor function: beam-balance. There were no pre-surgical

differences among groups, as all rats were capable of balancing on

the beam for the allotted 60 sec on each of the three trials (Fig. 1).

Following the CCI, all TBI rats were significantly impaired, com-

pared with the SHAM controls, which were able to maintain pre-

surgical balancing ability for the entire 60 sec. The ANOVA re-

vealed significant Group (F4,43 = 8.061, p < 0.0001) and Day

(F5,215 = 63.970, p < 0.0001) differences, as well as a significant

Group · Day interaction (F20,215 = 6.430, p < 0.0001). The post hoc

analysis revealed that the SHAM group was better than all TBI

groups ( p < 0.05), which did not differ from one another ( p > 0.05).

Motor function: beam-walk. Similar to the beam-balance

data, there were no differences among groups prior to surgery, as all

rats proficiently traversed the entire length of the beam to reach the

goal box (Fig. 2). Following TBI, there was a significant increase in

beam-walking time for all TBI groups relative to SHAM controls.

The ANOVA revealed significant Group (F4,43 = 17.965,

p < 0.0001) and Day (F5,215 = 122.968, p < 0.0001) differences, as

well as a significant Group · Day interaction (F20,215 = 11.904,

p < 0.0001). Post hoc analyses revealed that the SHAM group was

able to traverse the beam better than all TBI groups ( p < 0.05). No

differences were detected among the TBI groups, regardless of

treatment ( p > 0.05).

Cognitive function: spatial learning. Analysis of the water

maze data revealed significant Group (F4,43 = 18.218, p < 0.0001)

and Day (F4,172 = 16.849, p < 0.0001) differences, but no Group ·
Day interaction (F16,172 = 0.771, p = 0.717), indicating that although

the TBI groups became progressively better at locating the escape

platform in a similar fashion regardless of treatment, they were still

significantly impaired relative to the SHAM group, which learned

the task at a faster rate ( p < 0.05; Fig. 3). The post hoc also revealed

that the TBI + GAL v(2.0 mg/kg) group displayed enhanced re-

covery of cognitive performance over the 5 test days of spatial

learning, compared with the TBI + VEH, TBI + GAL (1 mg/kg),

and TBI + GAL (3 mg/kg) groups ( p’s < 0.05). No other group

comparisons were significant ( p’s > 0.05). Analysis of the visible

platform data revealed a significant group effect (F4,43 = 6.527,

p = 0.0003) that was attributed to the SHAM controls requiring less

time to reach the platform versus the TBI groups, which did not

differ from one another ( p’s > 0.05). There were no differences in

swim speed among the groups ( p > 0.05).

Histology: cortical lesion volume. Analysis of the lesion

data did not reveal a difference among the groups, regardless of

treatment ( p = 0.44; Fig. 4). Specifically, mean – SEM cortical

FIG. 1. Mean (– standard error of the mean) time (sec) balancing on an elevated narrow beam prior to and after traumatic brain injury
(TBI) or sham injury. **p < 0.05 vs. all TBI groups. No differences were revealed among the TBI groups. STD, standard; VEH, vehicle;
GAL, galantamine.
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lesion volumes were 45.1 – 2.9, 38.5 – 3.2, 37.3 – 4.9, and

39.7 – 2.5 mm3 for the TBI + VEH, TBI + GAL (1 mg/kg), TBI +
GAL (2 mg/kg), and TBI + GAL (3 mg/kg) groups, respectively.

Experiment 2: combined therapeutic
paradigm: GAL + EE

The sham controls administered GAL or VEH and housed in EE

conditions did not differ from the STD-housed shams in experiment

1, and thus they were pooled into one group. The makeup of the

shams for experiment 2 consisted of STD-housed shams receiving

either GAL (2 mg/kg) or VEH (from experiment 1) and EE shams

receiving GAL (2 mg/kg) or VEH and are denoted as SHAM.

Acute neurological function. No differences were revealed

among the TBI groups in the hind limb withdrawal reflex (left

range = 182.5 – 6.7 sec to 191.9 – 8.31 sec, p > 0.05; right range =
176.7 – 8.1 sec to 183.6 – 6.3 sec, p > 0.05) or for return of righting

ability (range 383.2 – 5.8 sec to 397.3 – 7.4 sec, p > 0.05) following

the discontinuation of anesthesia. Similar to that observed in ex-

periment 1, all TBI groups were significantly different from the

SHAM controls that displayed limb withdrawal reflex times rang-

ing from 29–33 sec and righting reflex times of 93–101 sec

( p < 0.05).

Motor function: beam-balance. No pre-surgical differences

were observed among groups as all rats were capable of balancing

on the beam for the allotted 60 sec on each trial (Fig. 5). After

surgery, the repeated-measures ANOVA revealed significant

Group (F4,43 = 8.885, p < 0.0001) and Day (F5,215 = 59.555, p <
0.0001) differences, as well as a significant Group · Day interaction

(F20,215 = 6.939, p < 0.0001). The post hoc analysis revealed that

all TBI groups were significantly impaired, compared with the

SHAM group, which was able to maintain balance for the full

60 sec ( p < 0.05). Among the TBI groups, the TBI + EE + VEH

performed markedly better than the TBI + STD + VEH

group ( p < 0.05). No other comparisons were significant

( p > 0.05).

Motor function: beam-walk. There were no pre-surgical

differences in time to traverse the beam among groups, as all rats

were proficient and reached the goal box in approximately 5 sec

(Fig. 6). Following surgery, there was an increase in beam-walking

time for all TBI groups relative to SHAM controls. The ANOVA

revealed significant Group (F4,43 = 16.787, p < 0.0001) and Day

(F5,215 = 114.326, p < 0.0001) differences, as well as a significant

Group · Day interaction (F20,215 = 11.916, p < 0.0001). Post hoc

analyses revealed that the SHAM group was able to traverse

the beam quicker than all TBI groups ( p < 0.05) and that the TBI +
EE + VEH group traversed the beam more rapidly than the TBI +
STD + VEH and TBI + STD + GAL groups ( p < 0.05). No dif-

ference was revealed between the TBI + EE + VEH and TBI + EE +
GAL groups ( p > 0.05). No other comparisons were significant

( p > 0.05).

FIG. 2. Mean (– standard error of the mean) time (sec) to traverse an elevated narrow beam prior to and after traumatic brain injury
(TBI) or sham injury. **p < 0.05 vs. all TBI groups. No differences were revealed among the TBI groups. STD, standard; VEH, vehicle;
GAL, galantamine.
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Cognitive function: spatial learning. Analysis of the water

maze data revealed significant Group (F4,43 = 12.294, p < 0.0001)

and Day (F4,172 = 29.984, p < 0.0001) differences, but no Group x

Day interaction (F16,172 = 1.380, p = 0.156). Post hoc analysis re-

vealed that the SHAM group learned the location of the escape

platform faster than the TBI groups, regardless of treatment

( p < 0.05; Fig. 7). Moreover, the TBI + EE + VEH, TBI + EE +
GAL, and TBI + STD + GAL groups performed the task better

than the TBI + STD + VEH group ( p’s < 0.05) but did not differ

from one another ( p > 0.05). No other group comparisons were

FIG. 4. Panel (A) depicts mean (– standard error of the mean) cortical lesion volume (mm3) at 21 days after traumatic brain injury
(TBI). No significant differences were revealed among the groups, regardless of treatment. (B–E) Average sized lesions at the level of
the dorsal hippocampus for the TBI + STD + VEH, TBI + STD + GAL (1 mg/kg), TBI + STD + GAL (2 mg/kg), and TBI + STD + GAL
(3 mg/kg) groups, respectively. STD, standard; VEH, vehicle; GAL, galantamine.

FIG. 3. Mean (– standard error of the mean) time (sec) to locate either a hidden or visible platform in a water maze. For hidden
platform, *p < 0.05 vs. traumatic brain injury (TBI) + STD + VEH and **p < 0.05 vs. all TBI groups. For visible platform, **p < 0.05 vs.
all TBI groups. No other comparisons were significant ( p > 0.05). STD, standard; VEH, vehicle; GAL, galantamine.
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significant ( p’s > 0.05). Analysis of the visible platform data re-

vealed a significant group effect (F4,43 = 6.535, p = 0.0003). Spe-

cifically, the post hoc analysis revealed that the SHAM, TBI + EE +
VEH, and TBI + EE + GAL groups reached the visible platform

quicker than TBI + STD treatment groups, regardless of treatment

( p < 0.05), but did not differ from each other ( p > 0.05). There was

no difference between the TBI + STD groups ( p > 0.05). There

were no differences in swim speed among the groups ( p > 0.05).

Histology: cortical lesion volume. Analysis of the lesion

data revealed a difference among the groups ( p = 0.026; Fig. 8).

Specifically, both EE groups exhibited smaller lesions relative to

the TBI + STD + VEH group ( p < 0.05), but did not differ from each

other ( p > 0.05). No other comparisons were different ( p > 0.05).

Mean – SEM cortical lesion volumes were 45.1 – 2.9, 37.3 – 4.9,

31.8 – 1.5, and 33.1 – 1.0 mm3 for the TBI + STD + VEH, TBI +
STD + GAL, TBI + EE + VEH, and TBI + EE + GAL groups,

respectively.

Discussion

The goal of the current study was to assess the potential benefits

of GAL when presented alone (experiment 1) and when combined

with EE (experiment 2) after a CCI injury of moderate severity. In

experiment 1, three doses of GAL (1, 2, and 3 mg/kg) were ad-

ministered to rats housed in STD conditions to determine a dose–

response effect on motor, cognitive, and histological outcome. In

experiment 2, the optimal dose from experiment 1 was adminis-

tered to rats in conjunction with EE, a pre-clinical model of neu-

rorehabilitation, to determine if the benefits conferred by each

therapy would be potentiated by the combination paradigm. Ex-

periment 2 is significant, because in the real world, TBI patients

will undoubtedly receive some form of pharmacotherapy with re-

habilitation, and GAL (Razadyne) is currently one of the FDA-

approved AChEI therapies on the market for the treatment of

Alzheimer’s disease, of which memory dysfunction is a cardinal

symptom.

The results from experiment 1 revealed that daily administration

of GAL attenuated injury-induced cognitive impairments in the

water maze, but only with the middle dose of 2 mg/kg, compared

with the lower and higher doses (1 mg/kg and 3 mg/kg, respec-

tively) or VEH. No motor differences were revealed among the TBI

groups, regardless of treatment or dose, as all groups recovered to

baseline levels in the beam-balance and beam-walk tasks by the end

of the 5 days of testing. Additionally, no differences were observed

among the TBI groups in cortical lesion volumes. The lack of

cortical sparing coupled with the cognitive improvement in the

middle dose GAL-treated group iterates the lack of correlation

between histology and behavioral outcome.75

In experiment 2, the TBI groups receiving EE + GAL (2 mg/kg)

and EE + VEH performed better than the VEH and GAL-treated

TBI groups housed in STD conditions. The cognitive benefits were

not a result of drug-related motor impairments or visual disparities,

as visible platform and swim speed parameters were comparable

FIG. 5. Mean (– standard error of the mean) time (sec) balancing on an elevated narrow beam prior to and after TBI or sham injury.
*p < 0.05 vs. TBI + STD + VEH and **p < 0.05 vs. all TBI groups. No other comparisons were significant ( p > 0.05). STD, standard;
VEH, vehicle; EE, environmental enrichment; GAL, galantamine.
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among the groups. Moreover, the VEH and GAL groups receiving

concomitant enrichment also exhibited smaller cortical lesion

volumes relative to the STD-housed groups, regardless of treatment

or dose. Lastly, the VEH-treated EE group displayed improved

beam-balance and beam-walk performance post-TBI relative to the

GAL and VEH-treated STD-housed groups. No benefit over the

STD-housed groups was revealed by the EE group receiving con-

comitant GAL. This latter finding may be construed as a negative

interaction between the two therapies, with GAL reducing the ef-

ficacy of EE. Indeed, several studies have shown negative inter-

actions with combination therapies.64 However, given that the

decrease in behavioral outcome was observed only in gross motor

function and not the more sensitive cognitive assay suggests that

the effect may be due to behavioral variability versus actual neg-

ative synergistic effects.

Contrary to the hypotheses, the combination of GAL and EE did

not produce benefits beyond those of the single therapies. The lack

of additive effects with the combinational therapy in adult TBI rats

is not entirely surprising as several studies from our laboratory have

shown similar effects.11,52,64,74,76 Importantly, the combination of

therapies did not produce negative effects as has been seen with

different treatment paradigms.64 The findings of the current study,

and those previously reported may be due to a floor effect. Indeed,

closer inspection of Figure 7 shows that the EE groups were per-

forming similarly to the uninjured sham controls by the last day of

training. However, these neutral data should not lessen the enthu-

siasm for combination therapies, as an additive effect has been

observed between EE and buspirone in pediatric rats after a CCI

injury.63 Additionally, in a non-injury model, combined doses of

memantine and GAL enhanced attentional set-shifting perfor-

mance and reversed deficits in object recognition.77 Further, the

combination of GAL and melatonin was reported to demonstrate

protective effects in a novel in vitro model of Alzheimer’s dis-

ease,78 which suggests that in some diseases and with certain

therapeutics, additive or synergistic effects can be conferred, just as

has been shown in select TBI studies.64

Potential mechanisms for the GAL-induced benefits are varied

and include reducing oxidative stress and neuroinflammation, re-

storing cholinergic integrity, and neuroplasticity. Specifically,

GAL downregulates lipid peroxidation and nitrite levels, and in-

creases glutathione and superoxide dismutase,79 which have been

reported to correlate with behavioral improvement after TBI.80

Chronic treatment with GAL also reduces cholinergic uptake and

vesicular ACh transporter expression.81 These cholinergic alter-

ations have been shown to improve passive avoidance learning and

spatial memory in hypoxic rats.82–86 GAL attenuates cognitive

deficits and reduces hippocampal cell loss following cerebral is-

chemia, which can be blocked by administration of the nicotinic

antagonist mecamylamine, suggesting that the beneficial effects

mediated by GAL may be related to the nAChR.87–89 Specifically,

GAL increases synaptic plasticity by elevating the number and

binding of nAChRs within the hippocampus, which is associated

with improved learning and memory.90–94 Although GAL’s activity

appears to be much weaker than other clinically available AChEIs,

FIG. 6. Mean (– standard error of the mean) time (sec) to traverse an elevated narrow beam prior to and after traumatic brain injury
(TBI) or sham injury. *p < 0.05 vs. TBI + STD + VEH and TBI + STD + GAL (2 mg/kg). **p < 0.05 vs. all TBI groups. No other
comparisons were significant ( p > 0.05). STD, standard; VEH, vehicle; GAL, galantamine.
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FIG. 7. Mean (– standard error of the mean) time (sec) to locate either a hidden or visible platform in a water maze. For hidden
platform, *p < 0.05 vs. traumatic brain injury (TBI) + STD + VEH and **p < 0.05 vs. all TBI groups. For visible platform, the SHAM,
TBI + EE + VEH, and TBI + EE + GAL groups reached the platform quicker than the TBI + STD groups, regardless of treatment
( p < 0.05). No other comparisons were significant ( p > 0.05). STD, standard; VEH, vehicle; EE, environmental enrichment; GAL,
galantamine.

FIG. 8. Panel (A) depicts mean (– standard error of the mean) cortical lesion volume (mm3) at 21 days after TBI. *p < 0.05 vs. TBI +
STD + VEH. No other comparisons were significant ( p > 0.05). (B–E) Average sized lesions at the level of the dorsal hippocampus for
the TBI + STD + VEH (same group from experiment 1), TBI + EE + VEH, TBI + STD + GAL (2 mg/kg; same group from experiment
1), and TBI + EE + GAL (2 mg/kg) groups, respectively. STD, standard; VEH, vehicle; EE, environmental enrichment; GAL,
galantamine.
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its therapeutic effects on cognitive function in Alzheimer’s disease

are comparable to the other agents due to its ability to act as an

allosterically potentiating ligand for nAChRs.95–97 GAL also ap-

pears to stand out more favorably regarding effects on cognitive

symptoms, compared with donepezil, which lacks appreciable ac-

tivity at nAChRs.98–100

Chronic administration of Lu 25–109-T, a partial M1 muscarinic

receptor agonist and presynaptic M2 autoreceptor antagonist, at-

tenuates fluid percussion injury-induced reduction of ChAT im-

munoreactivity in the medial septal nucleus.101 This finding offers

another potential mechanism for the GAL-induced benefits ob-

served in the current study. Specifically, the benefits observed may

involve muscarinic receptors, whereas donepezil, which is ineffec-

tive,25 blocks muscarinic receptor-mediated function.102 Further, re-

duced binding of presynaptic M2 mAChR autoreceptors in the

hippocampus and adjacent cortex has been observed after fluid per-

cussion injury,103 which consistently produces cognitive deficits.104

Similar to GAL, EE also exerts significant motor and cognitive

benefits after TBI and the potential mechanisms are also wide

ranging.53,54 We have previously shown that EE attenuates ChAT

positive cell loss in medial septal cells, while also reducing neu-

ronal damage in the cornu ammonis (CA)1 and CA3 layers of the

hippocampus. These neuroprotective effects parallel improved

motor and cognitive performance after CCI injury.11 EE promotes

plasticity in the hippocampus and frontal cortex, including long-

term potentiation, brain-derived neurotrophic factor gene upregu-

lation, enhanced dendritic branching, and stimulation of adult

neurogenesis,53,54 while also reducing markers of oxidative stress

and inflammation.53,54,105 Any of these EE-induced brain alter-

ations may mediate the benefits conferred by this pre-clinical model

of neurorehabilitation.53,54,106

Taken together, the results demonstrate that both EE and GAL

enhance cognitive recovery after CCI injury. The narrow dose

range of GAL, which also has been reported with donepezil,25

supports the evidence of an inverted U-shaped relationship between

ACh levels and performance in a variety of tasks, notably in regard

to learning and memory.107,108 The clinical implications of such a

narrow therapeutic window is that the potential efficacy of a

treatment may be overlooked simply by providing a suboptimal

dose. To minimize or prevent all together such occurrences, dose–

response profiles should be initiated and doses managed carefully

in the clinic. Additionally, future studies should evaluate AChEIs

such as GAL in both sexes and with various forms of rehabilitation

to make the model even more clinically applicable.
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