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Abstract

Acetylcholine is an excitatory neurotransmitter in the central nervous system that plays a key role in cognitive function,

including learning and memory. Previous studies have shown that experimental traumatic brain injury (TBI) reduces

cholinergic neurotransmission, decreases evoked release of acetylcholine, and alters cholinergic receptor levels. Galantamine

(U.S. Food and Drug Administration approved for the treatment of vascular dementia and Alzheimer’s disease) has been

shown to inhibit acetylcholinesterase activity and allosterically potentiate nicotinic receptor signaling. We investigated

whether acute administration of galantamine can reduce TBI pathology and improve cognitive function tested days after the

termination of the drug treatment. Post-injury administration of galantamine was found to decrease TBI-triggered blood-

brain barrier (BBB) permeability (tested 24 h post-injury), attenuate the loss of both GABAergic and newborn neurons in the

ipsilateral hippocampus, and improve hippocampal function (tested 10 days after termination of the drug treatment).

Specifically, significant improvements in the Morris water maze, novel object recognition, and context-specific fear memory

tasks were observed in injured animals treated with galantamine. Although messenger RNAs for both M1 (Nos2, TLR4, and

IL-12ß) and M2 (Arg1, CCL17, and Mcr1) microglial phenotypes were elevated post-TBI, galantamine treatment did not

alter microglial polarization tested 24 h and 6 days post-injury. Taken together, these findings support the further investi-

gation of galantamine as a treatment for TBI.
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Introduction

Acetylcholine (ACh) is widely distributed in the brain

and plays a central role in cognitive function. The important

role of ACh in learning and memory is evident in Alzheimer’s

disease (AD)-associated learning and memory impairments, which

are accompanied by a decrease in cholinergic signaling in the

hippocampus and cortex.1 Current AD treatments include inhibi-

tors of acetylcholinesterase (galantamine and donepezil) that in-

crease synaptic ACh levels and boost acetylcholine receptor

(AChR) signaling. ACh mediates its effect by engaging muscarinic

(mAChR) and nicotinic (nAChR) receptors that are widely ex-

pressed in the brain. mAChRs are G-protein coupled and can mo-

bilize intracellular calcium through Gq/11 (M1, M3, and M5

subtypes) proteins, or decrease cyclic adenosine monophosphate

levels through Gi/o (M2 and M4 subtype) proteins. nAChRs are

pentameric ion channels consisting of different combinations of

alpha and beta subunits that are permeable to Na+ and K+ ions.

Some of these receptors are also permeable to Ca2+, with alpha7

nicotinic receptors (nAChR7) being the most permeable. Signaling

through nAChR7 has been demonstrated to play a prominent role in

neuroplasticity, expression of neurotrophic factors, neurite out-

growth, learning and memory, and neuroprotection.2–5

Cognitive impairments are hallmarks of traumatic brain injury

(TBI). Experimental TBI has been shown to reduce cholinergic

neurotransmission, decrease evoked release of ACh, and alter

cholinergic receptor levels.6–9,10 For example, it has been reported

that TBI results in reductions in muscarinic M2 receptor binding

within hours of the injury in the hippocampus.11,12 In addition,

scopolamine, an mAChR antagonist, administered before, or

shortly after, TBI normalizes [3H]QNB binding and improves be-

havioral performance in injured rats,13,14 suggesting that acute de-

creases in mAChR signaling is protective. In contrast to the acute

effects of mAChR signaling, cholinergic deficits in the subacute/

chronic period of TBI are thought to be detrimental for cognitive

function. Consistent with this premise, administration of the blood–

brain barrier (BBB) permeable ACh precursor, CDP-choline, to TBI

animals improves navigational memory.15 However, studies using

donepezil have reported mixed results.16,17 For example, a study by

Yu and colleagues found that post-injury administration of

Department of Neurobiology and Anatomy, The University of Texas McGovern Medical School, Houston, Texas.
*These authors made equal contributions.

JOURNAL OF NEUROTRAUMA 35:362–374 (January 15, 2018)
ª Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2017.5102

362



donepezil improved the performance of injured animals in the

Morris water maze task, an effect not observed in a similar study

performed by Shaw and colleagues.16,17

Galantamine increases the synaptic availability of acetylcholine

and is widely used for the treatment of AD. When used in experi-

mental TBI, de la Tremblaye and colleagues showed that galanta-

mine improves water maze learning and memory when tested in the

presence of the drug.18 Galantamine also acts as a positive allosteric

modulator for nAChR7.19–21 Beneficial effects of targeting pe-

ripheral nAChR7 have been demonstrated in models of sepsis.22

These effects have been shown to result from a decrease in systemic

inflammation. We have recently demonstrated that administration

of the selective alpha7 receptor agonist, PNU-282987, decreases

both systemic and central inflammation and reduces BBB perme-

ability post-TBI.23 Thus, by the combined action of its acetylcho-

linesterase inhibitory and nAChR positive allosteric modulatory

activities, galantamine may have utility as a treatment for TBI. In

this report, we evaluated the effect of acute post-injury galantamine

treatment on TBI-triggered BBB permeability. In addition, we ex-

amined inflammation, neuronal loss, and memory function starting

10 days after termination of galantamine treatment. Our results

show that post-TBI administration of galantamine significantly

reduced BBB permeability, reduced the loss of hippocampal GA-

BAergic neurons, and improved memory function. However, con-

trary to our predictions, galantamine had no effect on measures of

post-TBI inflammation.

Methods

Materials

Galantamine hydrobromide was purchased from Tocris (Bristol,

UK). Antibodies against von Willebrand factor (vWF; catalog no.:

F3520; 1:3000) were bought from Sigma-Aldrich (St. Louis, MO),

Claudin-5 (catalog no.: 35-2500; 1:500) from Invitrogen (Carlsbad,

CA), glutamic acid decarboxylase 67 kDa (GAD67; catalog no.:

MAB5406; 1:1000) from Millipore (Billerica, MA), and dou-

blecortin (catalog no.: 4604; 1:1000) from Cell Signaling (Danvers,

MA). Sprague–Dawley rats were purchased from Envigo (Houston,

TX). Animals were housed under temperature-controlled conditions

with a 12-h light/dark cycle and ad libitum access to water and food.

Animal protocols were approved by the Institutional Animal Welfare

Committee and were in compliance with the National Institute of

Health’s (NIH) Guide for Care and Use of Laboratory Animals.

Controlled cortical impact injury

An electromagnetic controlled cortical impact (CCI) device was

used to cause moderate brain injury as has been previously de-

scribed.24,25 Male Sprague–Dawley rats (275–300 g) were anesthe-

tized with isoflurane, and a cranietomy (6-mm diameter) was made

over the right parietal cortex. Injury consisted of a single impact at

5.0 m/sec, 2.5 mm deformation to the right parietal cortex. Sham

animals were anesthetized and received an incision, but not the

craniotomy or impact. Acute neurological responses (i.e., suppres-

sion of pain reflexes, righting response) were monitored immediately

after the injury to ensure comparability across injuries. Body tem-

perature was monitored and maintained at 37�C using a Deltatherm

heating blanket attached to a rectal thermometer. After injury, ani-

mals were allowed to recover in a warmed chamber before being

returned to their home cages. Male C57BL/6 mice were used for

BBB permeability assays and immunohistological evaluation of

cerebral vasculature. Mice were anesthetized with isoflurane and a

craniotomy (5.0 mm) performed on the right cranial vault midway

between lambda and bregma. A single impact at 3.0 m/sec, 1.0 mm

deformation to the right parietal cortex was delivered to cause brain

injury.

Drug preparation and administration

Galantamine hydrobromide was solubilized in sterile saline.

Previous reports have indicated that the plasma half-life of ga-

lantamine is 7 h (in humans), with the recommended doses for use

in AD patients being 8–12 mg, given twice a day. In rats, the half-

life has been determined to be 3.5 h (in males) and approximately

2 h in mice.26,27 The doses chosen for these studies (3 mg/kg in

mice, 1 mg/kg in rats) were based on the human dose range, after

correction for body-surface-area differences (human/rat = 1:6.2;

human/mouse = 1:12.328). Because of its relatively shorter half-life

in mice compared to rats, we administered 3 mg/kg in order to

extend its duration of effectiveness. Drug (or vehicle) was initially

administered (intravenously; i.v.) 30 min post-injury, with an ad-

ditional dose given approximately 7 h later. Additional doses were

given twice-daily for 3 additional days, or until time of euthanasia.

Although we have not directly measured the blood concentration of

galantamine, it is anticipated that administration of two doses a day

(separated by 7 h) would result in two short-lived peaks.

Measurement of blood–brain barrier permeability

BBB permeability was assessed by measuring the extravasation

of Evans Blue dye as described previously.25,29 Twenty-four hours

after CCI injury, animals were anesthetized and Evans Blue (3% in

saline) was injected slowly through the jugular vein (4 mL/kg) and

allowed to circulate for 1.5 h. After the circulation period, animals

were given an overdose of pentobarbital (100 mg/kg) and trans-

cardially perfused with phosphate-buffered saline (PBS) followed

by PBS containing 4% paraformaldehyde (PFA). Brains were re-

moved, and ipsilateral hemispheres were incubated in 0.5 mL of

formamide at 55�C for 24 h. After incubation, the formamide so-

lution was cleared by centrifugation at 20,000g for 20 min. The

supernatant was collected, and the optical density at 620 nm was

measured to determine the relative amount of dye in each sample. A

standard curve was simultaneously generated to confirm the line-

arity of the recorded values.

Immunohistochemistry and fluorescence quantification

For assessment of BBB components, animals were euthanized

24 h post-injury, then brains were removed and quickly frozen in

-80�C isopentane. Thirty-micron-thick coronal sections were pre-

pared and mounted directly on gelatin-subbed slides. After air

drying, the sections were fixed with 100% methanol for 20 min at

-20�C and then rinsed in Tris-buffered saline (TBS) with 0.25%

Triton X-100 (TBS-TX) for 20 min. The sections were blocked in

5% goat serum in TBS-TX at room temperature for 1 h followed by

incubation with primary antibodies in 2.5% goat serum in TBS-TX

at 4�C for 24 h and then with species-specific secondary antibodies

in 2.5% goat serum in TBS-TX for 3 h at room temperature.

Fluorescence intensity was quantified as described previously.25,30

Briefly, images of immunofluorescence were captured using a Zeiss

Axiovert S100 microscope through a Zeiss EC Plan-Neofluar 20 · /

0.5 lens and a MicroFIRE camera. The parameters used for image

acquisition (including laser power, iris size, brightness, offset, etc.)

were adjusted to minimize the background and optimize the signal

using a tissue section from an injured animal. These parameters

GALANTAMINE TREATMENT FOR TBI 363



were then kept constant across all subsequent groups. ImageJ

software (NIH, Bethesda, MD) was used to quantify the fluores-

cence intensity. Fluorescent images from three nonoverlapping

regions in the ipsilateral cortex (0.5 mm from injury core) from

each section, and two sections from each animal (n = 5 mice/group),

were captured and quantified

Immunohistochemistry and cell counts

For assessing neuronal nuclei (NeuN), GAD67, and microtubule-

associated protein 2 (MAP2), rats were overdosed 1 month post-

injury with sodium pentobarbital (100 mg/kg) and transcardially

perfused with PBS followed by 4% PFA. For assessing doublecortin

immunoreactivity, rats were euthanized as described above on day 3

post-injury. Brains were removed, post-fixed overnight in perfusant,

then cryoprotected in a 30% sucrose solution. Cryosections (40-lm

thickness) spanning the rostral-caudal extent of the hippocampus

were prepared. Free-floating sections were incubated overnight in

primary antibody (0.5–1.0 lg/mL) in TBS containing 2% bovine

serum albumin (BSA) and 2.5% normal goat serum. After extensive

washing, immunoreactivity was detected using species-specific

secondary antibodies coupled to Alexa Fluors. A blind counting

methodology was employed for determination of GAD67-positive

inhibitory neurons in the hilus of the ipsilateral hippocampus. Every

10th section through the ipsilateral dorsal hippocampus was pro-

cessed for GAD67 immunoreactivity as described above. Positive

cells within the hilus were counted using the optical dissector tech-

nique (Stereo Investigator; MicroBrightField Bioscience, Williston,

VT).31 Cells in the outermost planes of focus (5 lm) were omitted to

avoid counting cell caps. The number of GAD67-labeled neurons in

approximately 20 computer-chosen areas within the hilus was scored

for each section. The counting frame was 108 · 108 lm. The size of

the counting frame, and the number of grid sections, was determined

based on preliminary cell counts. The number of GAD67-labeled

cells/mm2 for each section was obtained from the estimated cells

divided by the contour area. The number of cells/mm2 for each an-

imal (n = 4 rats/group) was calculated as the average of the number of

cells/mm2 from each section examined. For counting doublecortin-

positive newborn neurons, coded slides were counted by two inde-

pendent observers who were blind to the treatment groups.

Doublecortin-positive cells implanted in the dentate gyrus were

counted and the lengths of the dentate gyrus measured. The number

of cells/mm were calculated from three sections for each animal

(n = 4/group).

Blood collection and plasma preparation

At 24 h and 6 days, animals were overdosed with sodium pen-

tobarbital. Once the animal failed to respond to tail and foot pinch,

the heart was exposed and blood was collected by cardiac puncture

using a 16-Ga needle attached to a 3-mL syringe. Ethylenediami-

netetraacetic acid was added as the anticoagulant. Platelet-poor

plasma was prepared by centrifuging the blood at 1000g for 10 min

to remove the erythrocytes, leukocytes, and platelets. The super-

natant solution was removed and centrifuged again at 10,000g for

10 min to generate a platelet-poor plasma fraction. Plasma was

aliquoted and frozen at -80�C until needed.

Enzyme-linked immunosorbent assays

Rat plasma and tissue interleukin (IL)-1ß levels were assessed

using sandwich-style enzyme-linked immunosorbent assays (ELI-

SAs; Quantikine IL-1ß assay; R&D Systems, Minneapolis, MN).

The range of the standards was based on the vendors’ instructions

and on our previous experience with these techniques. The con-

centrations of each sample (assayed in triplicate) were calculated

by comparison to the appropriate reference standard curve. For

tissue extracts (prepared in assay buffer provided in the ELISA kit),

a microBCA (bicinchoninic acid) assay was performed to deter-

mine protein concentration. ELISA results were normalized to the

total protein amount in the sample.

Western blots

High-mobility group box protein 1 (HMGB1) levels in serum

were assayed using western blots as previously described.32 Briefly,

equal volumes of plasma (50 lL) were centrifuged on an Ultracel

100K Amicon centrifugal filter for 15 min at 14,000g. The flow-

through was collected, 10 lL of which was boiled in gel load buffer

and separated on sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis gels. After transfer to polyvinylidene difluoride mem-

branes (Millipore), membranes were stained with Ponceau S and

imaged. Membranes were then blocked in 5% BSA in TBS over-

night at room temperature, then incubated in anti-HMGB1 anti-

bodies (0.5 lg/mL) for 3 h followed by extensive washing and

incubation in an horseradish peroxidase–conjugated secondary

antibody. Immunoreactivity was detected using a chemilumines-

cence substrate (SuperSignal West Pico; Life Technologies, Wo-

burn, MA) followed by imaging and quantification using a LiCor

C-Digit imager. Immunoreactive signals were normalized by two

different methods. The protein concentration of the flow-through

from the 100K Amicon centrifugal filter was determined by a mi-

croBCA assay, and the HMGB-1 immunoreactive signals were

normalized by the relative protein amount in each sample. In ad-

dition, to account for potential transfer problems, the optical density

of the stained proteins (<50 kDa) within each lane of the Ponceau-

stained membrane was quantified and used to normalize HMGB-1

immunoreactivity.

Quantitative polymerase chain reaction for microglial
phenotype markers

Cortical tissue in the penumbra region of the brain injured ani-

mals (or sham-operated controls) was removed and sonicated in

Trizol (Invitrogen) and total RNA was extracted. A 1-lg sample of

total RNA was reverse transcribed using the SuperScript� VILO�

complementary DNA (cDNA) synthesis kit (Invitrogen), according

to the manufacturer’s protocol. The level of expression of each

target mRNA was quantified by amplification of the cDNA in

triplicate using a CFX Connect� Real-Time PCR Detection Sys-

tem (Bio-Rad Laboratories, Hercules, CA). Polymerase chain re-

action (PCR) primers and dual-labeled fluorescent probes were

purchased from Bio-Rad (Prime PCR Assay�). The amplification

protocol consisted of one cycle at 95�C for 3 min followed by

40 cycles at 95�C for 10 sec and pre-determined annealing tem-

perature (described below) for 30 sec. A single amplified product

was confirmed by melt curve analysis. The annealing temperature

was pre-determined for each primer set in the range from 58�C to

62�C. For quantification, a standard curve was generated for each

amplification using increasing concentration of the pooled cDNA

from the injured animals to determine the linear range and ampli-

fication efficiency. The threshold cycle of each sample was fitted

to the standard curve to calculate the relative DNA abundance in

the sample. The amplification efficiency was within 80–100%, and

the regression coefficient R2 was >0.90.
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Assessment of recognition memory

Recognition memory was assessed using the novel object rec-

ognition (NOR) task. The NOR task relies on the behavior that a rat

will spend more time exploring a novel object than it does an object

with which it is familiar.33 In this task, animals were pre-exposed to

a testing chamber (100 · 100 cm box) twice-daily for 2 days. After

the habituation period, two identical objects were introduced and

the rat was allowed to explore them for a period of 10 min. Twenty-

four hours later, the rat was placed back into the training chamber,

with one of the familiar objects replaced by a novel object that had a

different shape but was the same color and relative size. The time

spent exploring the novel and familiar objects was recorded during

a 4-min testing session. The difference in time spent exploring the

novel object versus the familiar one was used as a measure of

recognition memory.

Assessment of spatial learning and memory

Rats were tested for their spatial learning and memory using the

standard hidden platform version of the Morris water maze.34–37

Beginning on day 14 post-injury, animals were given four training

trials per day (with an intertrial interval of 4 min) for 6 days. If the

animal failed to locate the platform within 60 sec on any given trial,

it was led there by the experimenter. Twenty-four hours after the

last day of training, spatial memory was tested by removing the

platform from the water maze and allowing the animals to search

for a period of 60 sec. Time to first platform crossing and number of

platform crossings were recorded and used as indices of memory.

After the completion of the memory test, reversal learning was

assessed by placing the platform back into the tank at a position 180

degrees from its previous location. Rats were given four training

trials with the platform in the new location to assess their cognitive

flexibility. Movement within the maze was monitored using a video

camera linked to tracking software (EthoVision; Noldus Informa-

tion Technology, Wageningen, the Netherlands).

Context fear conditioning

Beginning on day 28 post-injury, rats were trained in a one-trial

fear-conditioning task. Rats were placed in the training chamber and

allowed to freely explore their surroundings for a period of 2.5 min.

Freezing behavior was monitored (in 2-sec increments) throughout

the 2.5-min period by an observer blind to the injury status of the

animals. A 2-sec, 0.7-mA footshock was then delivered. Thirty

seconds after the footshock, the rats were removed from the training

chamber and returned to their home cage. Twenty-four hours later,

context-specific fear memory was tested by placing the animal back

in the training chamber for a period of 3 min and scoring freezing

behavior.

Statistical analysis

The number of animals used for each experiment was determined

using a power analysis and based upon our experience with the

techniques/tests utilized. Statistical comparisons were carried out

using the statistics package within SigmaPlot (version 11.0; Systat

Software, Inc., San Jose, CA). Data were subjected to a Shapiro-

Wilk normality test to ensure a normal distribution and an equal

variance test. Two group comparisons at a single time point (Evans

Blue dye extravasation, immunohistochemistry, and probe trial

data) was statistically tested using a Student’s two-tailed t-test for

unpaired variables. Two group comparisons across time (e.g., water

maze learning, inflammation markers) were statistically evaluated

using repeated-measures two-way analyses of variance (ANOVAs).

Novel object recognition was evaluated within groups (e.g., novel

vs. familiar) using a two-tailed Student’s t-test for paired variables.

All data were analyzed using raw recorded data, before transfor-

mation into percent control for presentation. Data were considered

significant at p < 0.05 and presented as mean – standard error of the

mean.

Results

Galantamine decreases blood–brain barrier
permeability

Disruption of the BBB post-TBI is a prominent secondary pa-

thology that contributes to nonselective entry of blood-borne ma-

terials, vasogenic edema, and exacerbated tissue damage.38 We

therefore examined whether post-injury administration of ga-

lantamine reduces BBB permeability in both mice and rats. Mice

were injured, then 30 min, 8 h, and 20 h later i.v. injected with either

3.0 mg/kg of galantamine (n = 8 mice) or an equal volume of ve-

hicle (n = 6 mice). Twenty-four hours post-injury, mice were in-

jected with Evans Blue dye and the amount of extravasated dye

quantified. A group of sham-operated mice (n = 8 mice) was used as

baseline controls, but not statistically compared. Figure 1A shows

that, by comparison to vehicle-treated injured animals, galantamine

significantly reduced Evans Blue extravasation ( p = 0.035), sug-

gesting partial protection of BBB components.

Immunohistochemical examination of BBB components,

namely endothelial cells (indicated by vWF immunoreactivity) and

tight junction proteins (e.g., Claudin-5), revealed that TBI dra-

matically reduced the immunoreactivity of these markers in the

pericontusion region by 24 h post-injury (Fig. 1B). Post-injury

administration of 3.0 mg/kg of galantamine appears to partially

preserve vWF and Claudin-5 immunoreactivity. The summary re-

sults shown in Figure 1C indicate that vWF ( p = 0.029) and

Claudin-5 ( p < 0.001) immunoreactivities are significantly in-

creased in galantamine-treated injured animals (n = 5 mice) com-

pared to vehicle-treated injured controls (n = 5 mice).

To test whether galantamine can offer protection of the BBB in

rats, male Sprague–Dawley rats were injured then injected with

either 1.0 mg/kg of galantamine (i.v.) or an equal volume of vehicle

30 min post-injury (n = 8 rats/group). Additional doses were given 8

and 20 h post-injury. When Evans Blue extravasation was exam-

ined 24 h post-injury, a significant ( p = 0.011) decrease in BBB

permeability was observed in the galantamine-treated injured rats

compared to vehicle-treated injured controls (Fig. 1D). Because

both mice and rats showed reductions in BBB permeability as a

result of galantamine administration, all subsequent experiments

were performed using only rats.

Galantamine reduces hippocampal cell loss

Hippocampal function is critical for learning and memory, and

cell loss in this structure has been associated with learning and

memory dysfunction post-TBI. Both adult pyramidal and granule

neurons, as well as GABAergic interneurons in the hilus, have been

shown to die post-TBI.38–41 To assess whether galantamine can

offer neuronal protection post-TBI, rats were injured, then treated

with either vehicle or 1.0 mg/kg galantamine 30 min post-injury,

then twice-daily for 3 additional days (n = 4 rats/group). A group of

sham-operated rats (n = 4) was prepared as baseline controls, but

not statistically compared. Animals were euthanized 1 month post-

injury by exsanguination with 4% PFA and their brains removed for
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histological evaluation. Microscopic evaluation of tissue sections

stained with the neuronal marker, NeuN, did not reveal any demon-

strable differences in TBI-triggered cell death within the ipsilateral

hippocampus (arrows) between the vehicle- and galantamine-treated

groups (Fig. 2A). Further, no differences in dendritic disruptions,

evidenced by loss of MAP-2 immunoreactivity, were observed be-

tween the two groups. However, when GABAergic neurons (im-

munostained for GAD67) were evaluated, the TBI-triggered loss of

these cells in the hilus of the dentate gyrus appeared to be lessened as

a result of galantamine treatment (Fig. 2A). Stereological cell counts

FIG. 1. Post-injury administration of galantamine reduces BBB permeability after TBI in both mice and rats. (A) Injured mice treated
with 3.0 mg/kg of galantamine (n = 8) had significantly less Evans Blue extravasation in the ipsilateral cortex compared to vehicle-
treated injured animals (n = 6). Data from sham-operated controls are presented to demonstrate baseline extravasation. (B) Re-
presentative images of von Willebrand factor (vWF; a marker of vascular endothelial cells) and the tight junction protein, Claudin-5,
immunoreactivity in tissue sections taken from a sham, a TBI animal treated with vehicle (TBI-Veh), and a TBI animal treated with
galantamine (3.0 mg/kg; TBI-Gal). Images were taken from the pericontusion region of injured animals and the corresponding area from
shams. (C) Summary data (n = 5/group) show that systemic galantamine administration reduced the loss of both vWF and Claudin-5.
*p < 0.05 by t-test between vehicle- and galantamine-treated animals. (D) Injured rats treated with 1.0 mg/kg of galantamine (n = 8) had
significantly less Evans Blue extravasation in the ipsilateral cortex compared to vehicle-treated injured animals (n = 8). Data are
presented as mean – standard error of the mean. BBB, blood–brain barrier; TBI, traumatic brain injury.
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FIG. 2. Galantamine treatment improves the survival of GAD67- and doublecortin-positive cells in the ipsilateral hippocampus of
injured rats. (A) Representative photomicrographs showing NeuN and MAP2 immunoreactivity within the ipsilateral hippocampus.
Arrow indicates sites of neuronal loss/dendritic damage. No visible difference between vehicle- and galantamine-treated injured rats was
observed. In contrast, galantamine treatment appears to reduce the loss of GAD67 immunoreactivity within the hilus and increase the
number of doublecortin-positive cells in the dentate gyrus of the ipsilateral hippocampus. (B) Summary data showing that the injury-
induced loss of GAD67-positive cells is significantly reduced in animals treated post-injury with galantamine (n = 4/group). (C)
Summary data showing that the injury-induced loss of doublecortin-positive cells is reduced in animals treated post-injury with
galantamine (n = 4/group). *p < 0.05 between vehicle- and galantamine-treated injured animals. Data are presented as mean – standard
error of the mean. DCX, doublecortin; GAD67, glutamic acid decarboxylase 67 kDa; Gal, galantamine; MAP2, microtubule-associated
protein 2; NeuN, neuronal nuclei; Veh, vehicle.
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revealed that TBI animals treated with galantamine had significantly

more GAD67-positive cells than did vehicle-treated injured controls

( p = 0.003; Fig. 2B).

In addition to adult neurons, TBI has been demonstrated to cause

the loss of newborn hippocampal neurons (originating from pre-

cursor cells in the subgranular zone), with maximal loss observed

24–72 h post-injury.42,43 To assess whether post-injury galantamine

can protect against the loss of newborn neurons, rats were injured

then injected with either vehicle (n = 4 rats) or 1.0 mg/kg of ga-

lantamine (n = 4 rats) 30 min post-injury. Additional doses were gi-

ven daily for 3 additional days. A group of sham-operated animals

(n = 4 rats) was used as a baseline control, but not statistically

compared. Three days post-injury, rats were transcardially perfused

with 4% PFA, their brains were removed, and tissue sections pre-

pared for doublecortin immunostaining. Figure 2A shows repre-

sentative photomicrographs of the ipsilateral hippocampus showing

doublecortin immunoreactivity from a sham, a CCI rat treated with

vehicle, and a CCI rat treated with galantamine. As reported previ-

ously,42,43 CCI causes a visible loss of doublecortin-immunopositive

cells compared to that observed in the sham-operated control.

Galantamine treatment appears to increase newborn neuron sur-

vival. Quantification of doublecortin-positive cells revealed that

TBI animals treated with galantamine had significantly more

doublecortin-positive immature neurons than vehicle-treated in-

jured controls ( p = 0.048; Fig. 2C).

Post-injury galantamine improves recognition memory

To test the consequences of post-injury galantamine adminis-

tration on cognitive performance, rats were injured and acute neu-

rological responses monitored. When the acute neurological

responses were compared between animals subsequently receiving

vehicle and those receiving galantamine, no significant differences

were detected in either suppression of pain reflexes (tail pinch: ve-

hicle = 358 – 27 sec, galantamine = 351 – 26 sec; p = 0.845; toe pinch:

vehicle = 350 – 25 sec, galantamine = 334 – 27 sec; p = 0.655) or

righting response (vehicle = 405 – 17 sec, galantamine = 399 – 24

sec; p = 0.829). Galantamine (1.0 mg/kg or vehicle) was injected

30 min post-injury (n = 10 rats/group). Additional doses were

given (twice-daily) on days 1–3 post-injury (Fig. 3A). A group of

sham-operated rats (n = 6) was used as baseline controls. On days

7–9 post-injury (3 days after discontinuation of the drug), animals

were trained and tested in the NOR task as outlined in the Methods

section. Figure 3B shows that sham-operated controls explored the

two objects equally during the familiarization period, indicating

no pre-existing biases or preferences. When one of these objects

was replaced with a novel object, sham-operated rats spent sig-

nificantly ( p = 0.023) more time exploring the novel object (N)

than the familiar one (F). In contrast, vehicle-treated injured rats

(TBI + veh) spent similar percentages of time exploring the novel

and familiar objects ( p = 0.218), indicating impaired recognition

memory. Post-injury galantamine treatment (TBI + gal) improved

recognition memory, as indicated by treated rats spending sig-

nificantly more time exploring the novel object than the familiar

one (Fig. 3B; p < 0.001).

Post-injury galantamine administration improves
spatial memory

Spatial learning and memory was tested using the standard hidden

platform version of the Morris water maze task. Training was initi-

ated 10 days after the termination of treatment (on day 14 post-injury)

and continued for an additional 5 days (Fig. 4A). Sham animals were

trained simultaneously and used to demonstrate normal learning.

FIG. 3. Recognition memory is improved in injured rats treated post-injury with galantamine. (A) Timeline of behavioral testing and
drug administration. Novel object recognition (NOR) testing was carried out on days 7–9 post-injury. (B) Summary data showing %
time spent exploring objects in the NOR task. F = familiar, N = novel. Whereas both sham- (n = 6) and galantamine-treated injured
animals (n = 10) animals spent significantly more time exploring the novel object than the familiar one during testing, vehicle-treated
injured animals did not. *p < 0.05 by paired t-test between familiar and novel objects. Data are presented as mean – standard error of the
mean. gal, galantamine; TBI, traumatic brain injury; Veh, vehicle.
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Figure 4B shows that there was no significant difference in spatial

learning between the vehicle- and galantamine-treated injured ani-

mals (two-way repeated-measures ANOVA: F = 1.706; p = 0.209).

Memory was assessed 24 h after the completion of training by

monitoring the latency to first platform crossing and the number of

platform crossings in a single probe trial in which the platform was

removed from the tank and animals were allowed to search for a

period of 60 sec. Galantamine-treated animals (Gal) required sig-

nificantly less time to cross the previous location of the hidden

platform ( p = 0.039; Fig. 4C), and crossed the platform location more

times ( p = 0.029; Fig. 4D) than did vehicle-treated injured rats (Veh),

indicating improved spatial memory. After the probe trial, reversal

learning was assessed by reintroducing the platform into the maze in a

location 180 degrees from its previous location. Rats were given four

trials to learn the new location. Figure 4E shows that, on average,

galantamine-treated rats were able to locate the new platform loca-

tion more quickly than vehicle-treated controls ( p = 0.045), indica-

tive of improved cognitive flexibility.

Post-injury galantamine treatment improves contextual
fear memory

One-trial contextual fear has been demonstrated to be depen-

dent on hippocampal neurogenesis.44 Because we observed that

post-injury galantamine treatment significantly reduces the TBI-

associated death of newborn neurons, we tested whether this

cellular protection was associated with improved memory in this

task. Training was carried out 28 days post-injury because newly

generated neurons require 4–6 weeks to mature and integrate into the

hippocampal circuit where they can influence behavior (Fig. 5A).

Fear was assessed by monitoring freezing behavior (refraining from

all movement except that needed for respiration). Figure 5B shows

that before the footshock, all groups displayed minimal freezing

behaviors, suggesting no pre-existing fear of the training chamber

or generalized anxiety. When tested for fear memory 24 h after the

training, sham animals displayed enhanced freezing behavior

when placed back in the training chamber, indicating intact

contextual fear memory (Fig. 5C). In contrast, injured animals

treated with vehicle had impaired contextual fear memory, dis-

playing reduced freezing behavior compared to sham controls.

Galantamine-treated animals, by comparison, displaying freezing

percentages similar to that observed in sham controls. When the

freezing behaviors were compared, the galantamine-treated in-

jured animals were found to freeze significantly more ( p < 0.001)

than their vehicle-treated, injured counterparts, indicating im-

proved contextual memory.

Post-injury administration of galantamine does not
reduce markers of inflammation

It has been demonstrated, in a model of sepsis, that pre-treatment

with galantamine reduces systemic inflammation.45 Further, we

have shown that post-TBI treatment with an nAChR7 agonist

reduces the levels of circulating IL-1ß and HMGB1 (a pro-

inflammatory damage-associated molecular pattern protein).46 To

examine whether galantamine offers similar protection after brain

FIG. 4. Post-injury galantamine treatment of injured rats improves spatial memory and cognitive flexibility. (A) Timeline of be-
havioral testing and drug administration. Water maze training and testing was carried out on days 14–20 post-injury. (B) Acquisition
curves were not significantly different between injured animals treated with 1.0 mg/kg of galantamine and vehicle-treated controls
(n = 10 rats/group). Data from a group of sham animals presented for reference. Post-injury treatment with galantamine improved spatial
memory as indicated by (C) reduced latencies to first platform crossing and (D) increased number of platform crossings when tested 24 h
after training. (E) When reversal learning was tested, galantamine-treated animals learned to find the new platform location significantly
faster than vehicle-treated injured animals, indicating improved cognitive flexibility. *p < 0.05 by t-test between vehicle- and
galantamine-treated injured animals. Data are presented as mean – standard error of the mean. Gal, galantamine; Veh, vehicle.

GALANTAMINE TREATMENT FOR TBI 369



injury, we examined the serum levels of IL-1ß (by ELISA) and

HMGB1 (by western blotting). Animals were euthanized 24 h and

6 days post-injury (n = 4 rats/time point/group) and blood and tis-

sues collected. The time points chosen were based on previous

studies that have examined these pro-inflammatory molecules post-

TBI.47,48 Figure 6A shows that plasma IL-1ß levels only modestly

increased at the time points examined, and that these levels were

not significantly altered as a result of galantamine treatment

(F = 0.577; p = 0.458). Likewise, although injury dramatically in-

creased HMGB1 levels, the levels observed in injured rats treated

with galantamine were not significantly different from those in

vehicle-treated injured animals (F = 0.417; p = 0.528; Fig. 6B). We

next examined whether local IL-1ß levels in the injured brain tissue

were altered as a result of treatment. Figure 6C shows that the tissue

levels of IL-1ß were dramatically increased by 24 h post-injury,

with increased levels still observed by 6 days post-injury compared

to the levels detected in sham-operated controls. Galantamine

treatment did not significantly affect the levels of IL-1ß in the

injured cortical tissue (F = 1.264; p = 0.278).

Microglial activation and polarization post-TBI has also been

suggested to be a marker of inflammation.49 When we examined

markers of microglial/macrophage polarization, we observed that the

messenger RNA (mRNA) levels for both M1 (nitric oxide synthase 2

[Nos2], Fig. 6D; Toll-like receptor 4 [Tlr4], Fig. 6E; interleukin-12ß

[IL-12ß], Fig. 6F) and M2 (arginase1 [Arg1], Fig. 6G; chemokine

[C-C motif] ligand 17 [Ccl17], Fig. 6H; mannose receptor C-type 1

[Mrc1], Fig. 6I) phenotypes were increased as a result of injury. No

change in markers of microglial polarization was observed as a result

of post-injury galantamine treatment.

Discussion

The present investigation assessing the therapeutic potential of

galantamine revealed three key findings: 1) Post-injury adminis-

tration of galantamine reduces TBI-triggered BBB compromise

both in rats and mice; 2) post-injury administration of galantamine

to injured rats improves the survival of both hippocampal GA-

BAergic and newborn neurons; and 3) post-TBI acute treatment

with galantamine to injured rats improves multiple modalities of

memory, tested days after discontinuation of the drug. However,

galantamine treatment did not significantly decrease indices of

inflammation nor microglia polarization in the injured brain.

Central cholinergic signaling plays an important role in cog-

nitive function. Cholinergic stimulation has been shown to fa-

cilitate long-term potentiation (a cellular mechanism for learning

and memory) both in vitro50 and by stimulation of the medial

septal area in vivo.51 In contrast, cholinergic antagonists (e.g.,

scopolamine) were found to cause memory impairments in ro-

dents and in healthy volunteers.52 Thus, augmentation of cho-

linergic signaling has been suggested to be beneficial for diseases

characterized by memory impairments. Consistent with this, ad-

ministration of the ACh precursor, CDP-choline, improves cog-

nitive function in brain-injured animals when tested during the

period of drug administration.15 A recent study by de la Trem-

blaye and colleagues has shown that galantamine, when given for

19 days post-injury, improves water maze learning and memory

when tested on days 14–19 (in the presence of the drug). Although

cholinesterase inhibitors have also been suggested to improve

attention and memory in chronic TBI patients,53–56 a recent small-

scale clinical study has reported that galantamine does not im-

prove cognitive symptoms in chronic mild TBI patients.57 How-

ever, the effect of acute administration of galantamine on TBI

pathology and outcome have not been examined.

Several studies have suggested that blockade of muscarinic ace-

tylcholine receptors before or soon after TBI may offer neuropro-

tection and improve motor/cognitive function.58–60 For example, a

single bolus injection of scopolamine (a pan-muscarinic receptor

antagonist) given acutely post-injury significantly improved motor

function and reduced TBI-associated body weight loss.61 Post-injury

administration of the selective muscarinic M2 receptor antagonist,

BIBN99, has been demonstrated to significantly improve cognitive

performance when given soon after TBI, but not when the admin-

istration was delayed.62 In addition to muscarinic receptors, studies

are beginning to also demonstrate a role for nicotinic ACh receptors

in TBI pathology. For example, Gatson and colleagues have shown

that post-injury administration of a positive allosteric modulator of

a7 nicotinic acetylcholine receptors reduces hippocampal apoptosis

in rats subjected to TBI.63 Additional studies have examined bene-

ficial effects of acetylcholinesterase inhibitors. For example, rivas-

tigmine, a centrally acting anticholinesterase inhibitor, reduced

motor and cognitive dysfunction when administered into the injured

brain within minutes of the injury.64 In addition, Yu and colleagues

found that daily post-injury administration of the acetylcholinester-

ase inhibitor, donepezil (U.S. Food and Drug Administration

FIG. 5. Contextual fear memory is improved in injured rats treated with galantamine. (A) Timeline of behavioral testing and drug
administration. Contextual fear conditioning and testing was carried out on days 28–29 post-injury. (B) Summary data showing the
percent freezing of sham- (n = 6), vehicle-treated injured (n = 10), and galantamine-treated injured (n = 10) animals preceding the
footshock. (C) Vehicle-treated injured animals had poor contextual memory as indicated by significantly less freezing than sham
controls when placed back into the conditioning chamber 24 h after training. This effect was blunted in injured animals treated with
galantamine. *p < 0.05 by Student’s t-test between vehicle- and galantamine-treated injured rats. Data are presented as mean – standard
error of the mean. Gal, galantamine; Veh, vehicle.

370 ZHAO ET AL.



approved for AD), improves performance in the Morris water maze

task when tested 2 weeks after the termination of treatment.16

However, Shaw and colleagues did not observe any benefit in either

motor or cognitive performance in response to donepezil treatment.17

In the present study, we used the acetylcholinesterase inhibitor ga-

lantamine that also acts as an agonist for the alpha7 nicotinic re-

ceptor19–21 and examined its effect on neuroprotection and cognitive

outcome. Our findings show that transient, acute treatment can have

a lasting benefit on cognitive function post-TBI.

Previously, it has been reported that GABAergic neurons in the

hilus of the hippocampus are vulnerable to TBI.40 It was proposed

that the loss of these neurons can alter the balance of excitatory and

inhibitory neuronal transmission, thereby compromising hippo-

campal function.65 When we quantified the number of GABAergic

FIG. 6. Galantamine does not reduce markers of inflammation in brain-injured rats. (A) ELISA measurements of IL-1ß in serum samples
obtained from sham, injured animals receiving vehicle, and injured animals receiving 1.0 mg/kg of galantamine at 24 h and 6 days post-
injury (n = 4/group/time point). The modest increase in plasma IL-1ß (observed 24 h post-injury) was not affected by galantamine treatment.
(B) The increases in plasma HMGB1 (measured using western blots) in TBI animals were unaffected by post-injury galantamine. (C) Tissue
IL-1ß was markedly increased in the injured cortical tissue compared to sham (undetectable by ELISA). This increase was not influenced by
galantamine. (D–F) Quantification of mRNA for markers of the M1 microglial/macrophage phenotype: nitric oxide synthase 2 (Nos2; D),
Toll-like receptor 4 (TLR4; E), and interleukin-12ß (IL-12ß; F) indicate increases in M1 activation after TBI. However, galantamine did not
change the levels of these markers. (G–I) Quantification of mRNA markers of the M2 microglial/macrophage phenotype: arginase1 (Arg1;
G), chemokine (C-C motif) ligand 17 (CCL17; H), and mannose receptor C-type 1 (Mrc1; I) after TBI. The mRNA levels of these markers
were unaffected by galantamine. CCI, controlled cortical impact; ELISA, enzyme-linked immunosorbent assay; Gal, galantamine;
HMGB1, high-mobility group box 1; mRNA, messenger RNA; TBI, traumatic brain injury; Veh, vehicle.
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neurons 30 days post-injury (27 days after the termination of ga-

lantamine treatment), we observed that the number of these neurons in

galantamine-treated injured animals was comparable to that observed

in sham-operated controls. This preservation of GABAergic neurons

may be an underlying mechanism for the improved hippocampal

function we observed. In addition to preservation of GABAergic

neurons, we also observed that galantamine treatment significantly

improved the survival of newborn neurons. It has been estimated that

newborn neurons require 4–6 weeks to mature and functionally inte-

grate themselves into the hippocampal circuit. A number of studies

have shown that these neurons play an important role in pattern sep-

aration,66,67 and a recent study by Hen and colleagues has shown that

genetic ablation of these neurons inhibits context fear when tested

using a one-trial paradigm.68 Based on these studies, we tested whether

the preservation of newborn neurons observed after galantamine

treatment improved one-trial contextual fear when tested 4 weeks post-

injury and observed an improvement. These results suggest that ga-

lantamine improves cognitive performance in brain-injured animals, at

least in part, by increasing the survival of newborn neurons. At present,

it is not clear whether these benefits are attributed to galantamine’s

ability to inhibit acetylcholinesterase activity and/or modulate

nAChR7 receptors. Although Yu and colleagues have suggested that

the therapeutic effects of donepezil (tested using the Morris water

maze) occur independent of its beneficial effect on newborn neurons,

studies have reported conflicting results concerning the role of neu-

rogenesis in spatial learning and memory.44,69,70 Whether donepezil

can improve one-trial fear or contextual discrimination in TBI animals

was not tested by Yu and colleagues.

At present, it is not known whether the protections afforded by

galantamine on the BBB and on GABAergic and newborn neuron

survival are related or occur independently. Mortazavian and col-

leagues have reported that galantamine can protect endothelial cells

from free-radical–induced cell death.71 Given that free radical

production is increased post-TBI,72–75 and endothelial cell loss is

thought to be a contributing factor to the disruption of the BBB, it is

possible that galantamine may improve BBB integrity (at least in

part) through a similar mechanism. Disruption of the BBB has been

shown to cause the unregulated entry of blood cells and molecules

into the brain, where they can contribute to inflammation, edema,

and exacerbate cell loss.76 Although in the present study we did not

observe any influence of galantamine on inflammation or micro-

glial polarization, we cannot rule out other effects that preservation

of the BBB may have had on GABAergic and newborn neuron

survival.

Stimulation of peripheral nAChR, either using agonists or by

electrical stimulation of the vagus nerve, has been demonstrated to

exert anti-inflammatory effects.77,78 In contrast to agents that stimulate

peripheral nAChRs, galantamine has been reported to decrease sys-

temic inflammation through activation of central mAChRs.45 It has

been proposed that galantamine activates the vagus efferent circuit,

causing release of ACh that stimulates peripheral nAChR7 on mac-

rophages to suppress production and release of pro-inflammatory

molecules.45 Contrary to the anti-inflammatory effects of galantamine

observed in models of sepsis and colitis,45,79 we did not observe any

reduction in the plasma levels of IL-1ß or HMGB1 (Fig. 6). Further,

although TBI significantly increased the levels of IL-1ß in the injured

brain, this increase was also unaffected by galantamine treatment.

Studies have shown that TBI activates resident microglia, as well as

causes infiltration of monocytes/neutrophils, resulting in an increase in

the expression of MI and M2 markers,80,81 and can contribute to

neuronal injury.82 Consistent with this, our quantitative PCR mea-

surements of mRNA for markers of M1 (Nos1, Tlr4, and IL12ß) and

M2 (Arg1, Ccl17, and Mrc1) microglial phenotypes revealed overall

increases in their levels, indicative of activation of microglia. How-

ever, galantamine treatment did not influence the levels of these

messenger RNAs (mRNAs), nor did it cause any detectable shift in

polarization at the time points examined. The reason for the lack of

anti-inflammatory effect by galantamine post-TBI is not clear.

In conclusion, our results indicate that acute, post-injury ad-

ministration of galantamine can reduce two prominent TBI pa-

thologies: disruption of the BBB and neuronal death. Further, we

show that galantamine improves hippocampal function tested using

three different hippocampal-dependent tasks: NOR, water maze,

and one-trial contextual fear. At present, however, we cannot de-

termine the relative contribution of improved BBB integrity and

neuroprotection on the improved cognitive outcome we observed.

It is possible that the protective effects of this drug are attributed to

a combination of its actions.
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