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Abstract

Within the brain, traumatic brain injury (TBI) alters synaptic plasticity and increases 

neuroinflammation and neuronal death. Yet, there lacks effective TBI treatments providing 

pleiotropic beneficial effects on these diverse cellular processes necessary for functional recovery. 

Here, we show the diabetes drug, metformin, significantly improves cognitive functions after 

controlled cortical impact (CCI) injury in mice, showing improved spatial learning and nest 

building. Furthermore, injured animals treated with metformin exhibit increased ramification 

of microglia processes, indicating reduced neuroinflammation. Finally, metformin treatment 

in vitro increased neuronal activation of partitioning defective 1 (Par1), a family of Ser/Thr 

kinases playing a key role in synaptic plasticity. These results suggest metformin is a promising 

therapeutic agent for targeting multiple cellular processes necessary for functional TBI recovery.
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Introduction

Each year traumatic brain injury (TBI) affects an estimated 10 million individuals 

worldwide. TBI is a leading cause of death and disability, especially among children 

and the elderly (Langlois et al., 2006; Roozenbeek et al., 2013). TBI leads to long-term 

consequences, such as seizures, sensorimotor deficits, emotional instability, and impaired 

learning and memory (Wood and Worthington, 2017). In addition, TBI is an important 

risk factor for neurodegenerative diseases, including Alzheimer’s disease (Li et al., 2017), 

Parkinson’s disease, and chronic traumatic encephalopathy (Blennow et al., 2016; Gardner 
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et al., 2018). Even though TBI is a significant public health concern, the clinical setting 

currently lacks effective treatment options.

The primary injury of TBI results from external force to the brain followed by a prolonged 

secondary injury occurring within hours to days after the initial traumatic event. Since 

the primary injury is difficult to reverse, therapeutic strategies generally aim to prevent 

or alleviate secondary injuries. Secondary injuries include excitotoxicity, mitochondria 

dysfunction, oxidative stress, and overzealous neuroinflammation, all of which further 

exacerbate the physical neuronal damage (Blennow et al., 2016). Even mild TBI causes 

chronic impairments in hippocampal synaptic plasticity (Aungst et al., 2014; Logue et 

al., 2016; White et al., 2017), which is thought to underlie the learning and memory 

deficits in affected patients. Thus, functional recovery from TBI needs to involve not 

only neuroprotection and reduced neuroinflammation but also enhanced synaptic plasticity 

to alleviate cognitive deficits. However, no current TBI medications provide pleiotropic 

beneficial effects encompassing these diverse cellular processes necessary for recovery.

Metformin is currently emerging as a pharmacotherapeutic agent for CNS injuries. For 

decades, it has been used in the clinical setting as a diabetes medication. However, beyond 

glucose regulation, metformin also stimulates adult hippocampal dentate gyrus neurogenesis 

(Wang et al., 2012) and provides potent anti-inflammatory properties (Afshari et al., 

2018; Cameron et al., 2016; Kothari et al., 2016; Muri et al., 2019). This makes it an 

exciting candidate for treating CNS injuries. Indeed, several recent studies demonstrate the 

neuroprotective effects of metformin in different CNS injury models (Hill et al., 2016; Tao et 

al., 2018; Wang et al.,2020). Nevertheless, improvements of behavioral outcomes of TBI due 

to metformin treatment remain unclear, and the molecular mechanisms of metformin are not 

well understood.

Here, we demonstrate that metformin treatment following TBI significantly improves 

cognitive function by increasing spatial learning in the Morris Water Maze. In addition, 

we observe increased nest building in metformin-treated animals, indicating improved 

emotional stability and well-being. Furthermore, microglia in metformin-treated injured 

animals exhibit increased ramified and decreased amoeboid morphology compared with 

vehicle controls, suggesting metformin treatment reduces neuroinflammation. Finally, 

applying metformin to primary cortical neurons activates partitioning defective 1 (Par1 or 

microtubule affinity regulating kinase, MARK), a family of Ser/Thr kinases we recently 

established as important for synaptic plasticity (Bernard and Zhang, 2015; Wu et al., 

2012; Wu et al., 2017) and a key regulator of microglia activation (DiBona et al., 2019). 

Taken together, our studies suggest metformin is a highly promising therapeutic agent to 

improve TBI recovery through a pleiotropic mechanism by reducing neuroinflammation and 

stimulating synaptic plasticity, ultimately contributing to functional recovery.

Material and Methods

Animals and Genotyping of Mouse Models

All animal procedures were carried out following approval from the Rutgers University 

Institutional Animal Care and Use Committee. 32-to 38-day old male CD-1 mice were 
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purchased from Charles River. All animals were housed in a clean, temperature regulated 

facility maintained a strict 12-hour light/dark cycle with free access to water and food. 

Animals were randomly assigned with a letter and number name to blind all behavior testing 

and tissue processing throughout each experiment until after quantifications.

Traumatic Brain Injury

Adult mice were subjected to a controlled cortical impact (CCI) injury. CCI was performed 

as described previously with minor modifications (DiBona et al., 2019; Pleasant et al., 

2011). Briefly, mice were anesthetized with isoflurane and administered perisurgical 

analgesics (0.025% bupivacaine and buprenorphine (0.1mg/kg)). A craniectomy was 

performed midway between bregma and lambda and halfway between the sagittal suture and 

temporal crest, centered over the hippocampus. To expose the dura mater, we used a 2.7 mm 

hand-held trephine ensuring no damage to the dura mater. The CCI device was placed over 

the exposed dura mater and lowered until contact was made. A computer-controlled cortical 

impact (Hatteras Instruments Model PCI1300) was performed using an impactor probe with 

a flat tip, 2.5 mm in diameter. Sample parameters include impact speed of 3 m/sec, dwell 

time of 100 msec, and cortical deformation of 1 mm. For sham-operated controls, only a 

craniectomy was performed. Following injury, the skin was re-secured over the skull with 

Vetbond and animals were returned to their home cages on heating pads for recovery.

Metformin Treatments

CCI-TBI, sham-operated control, and naïve CD-1 mice were treated with either a water 

vehicle or 200 mg/kg of metformin by intraperitoneal (i.p.) injection 1 hour immediately 

following the completion of surgery. 200mg/kg was selected as our treatment dosage as 

it is the most widely-used and supported in rodent studies (Duca et al., 2016; He et al., 

2009; Shaw et al., 2005; Wang et al., 2012). Additional vehicle or metformin injections were 

administered once per day thereafter (Supplemental Figure 1). Nomenclature for surgery 

groups and treatments include: Naive (N), Sham-Operated (Sham or S), CCI-TBI (TBI or 

T), Vehicle (Veh or V) and Metformin (Met or M).

Behavior Testing: Morris Water Maze (MWM)

Two days prior to surgery, animals were acclimated, and baseline tested using a visible 

platform in a circular pool filled with water made opaque with black paint. Four quadrants 

with wall - mounted cues divided the pool and the platform was visible as a control for 

motor and visual deficits. Learning and memory testing was started 1-day post-injury (1dpi), 

using a hidden platform with visible cues placed on the walls. Animals were placed in 

each quadrant once for a total of 4 trials per mouse per day. Latency to reach the platform 

from each quadrant was measured each trial for 6 days. For each trial maximum swim 

time was capped at 60 seconds. At 7dpi the platform was removed, and the time spent in 

each quadrant, the number of crossings in each quadrant, and average swim velocity were 

recorded and quantified. Mice averaging 50 seconds or more latency to platform at day 6 

were considered non-performers. Three (3) mice total were excluded from the MWM and all 

other experiments as non-performers. Exclusions included: two (2) Naive-Veh and one (1) 

TBI-Met as non-performers (Vorhees and Williams, 2006).
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Behavior Testing: Nesting

Each animal was placed into a new cage with a new nestlet after surgery. The degree 

of nesting made from each animal tearing up the nestlet was rated on a scale of 1 to 5, 

with 1 representing no nest and 5 representing a full nest, starting at 1dpi (Deacon, 2006) 

(Supplemental Figure 4). The next morning, all nests and bedding were removed from the 

cage and a new nestlet introduced. Scoring and replacement of nestlets was completed each 

morning until 7dpi.

Behavior Testing: Pole Test

A vertical pole with rough surface 1 cm in diameter and 30 cm tall was used within a 

large rat cage. Mice were placed with their head upward at the top of pole. Two times were 

recorded: 1. The time it took for the mouse to right itself so its body and all paws were 

facing downward, and 2. The latency to reach the ground. Completion of both objectives 

were capped at 60 seconds. After completion of the trial, the mouse was placed in its 

home cage and the pole was cleaned with ethanol. This procedure was repeated for three 

non-consecutive trials at 1, 4, and 7dpi (Matsuura et al., 1997).

Cardiac Perfusion and Tissue Processing

Animals were anesthetized with ketamine (100 mg/kg) / xylazine (10 mg/kg) and sacrificed 

via cardiac perfusion with a perfusion pump. Brains were cleared with phosphate-buffered 

saline (PBS) and then fixed with 4% paraformaldehyde (PFA). Extracted brains were 

submerged in 4% PFA for 1-2 hours to post-fix. Each brain was washed with PBS and 

transferred through sucrose gradients (10%, 20%, and 30%) for 24 hours each at 4°C. 70-μm 

frozen, free-floating coronal tissue sections were made using a frozen sliding microtome. 

Sections were stored at −20°C in cryoprotectant solutions (25% glycerol, 25% ethylene 

glycol, 30% sucrose in 0.1M PBS) until immunohistochemistry was performed.

Cortical Disruption Image Quantification

A section from both vehicle and metformin injured tissue within the center of the impact 

region (midway between bregma and lambda and halfway between the sagittal suture and 

temporal crest, centered over the hippocampus) was placed on a charged slide.Each section 

was imaged with a standard light microscope using an 4x objective. ImageJ was used 

to measure 1. the entire ipsi-lateral cortical area, and 2. a freehand trace of the injured 

cavity where tissue was disrupted. The percentage of cortical tissue that was disrupted was 

Quantified.

Immunohistochemistry (IHC)

Tissue was washed 4 times with 1xPBS to remove cryoprotectant residue. Following 

thorough washing, tissue was permeabilized in blocking solution (0.3% Triton-X 100, 

5% Donkey Serum, 1x PBS) for 30 minutes at room temperature. Sham-operated control 

and CCI-TBI tissue were then incubated with donkey-anti-mouse Fab fragment IgG 

(Jackson ImmunoResearch, West Grove, PA, 1:60 dilution) for at least 1 hour at room 

temperature. After removing the blocking solution, tissue was incubated in primary 

antibody overnight at room temperature (Iba1, Wako Chemicals USA, Inc, Richmond, 
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VA, 1:1000; GFAP, Millipore-Sigma, St. Louis, MO, 1:1000). The following day, tissue 

was washed, and DyLight 594 Donkey anti-rabbit (Jackson ImmunoResearch, West 

Grove, PA; 1:500 dilution), DyLight 488 Donkey anti-mouse secondary antibody (Jackson 

ImmunoResearch, West Grove, PA; 1:500 dilution) and DAPI were applied and incubated at 

room temperature for 2 hours. Tissue was washed and mounted using Vectashield Hardset 

(Vector Laboratories, Burlingame, CA).

IHC Microscopy and Image Quantification

All tissue sections were imaged on an Olympus FV1000MPE microscope using either an 

Olympus UPlan SApo 20x objective (NA 0.75) or an Olympus LUMPLanFLN 60x objective 

(NA 1.0).

For microglia density: Single images (20x and 60x) from the V1 region of the cortex 

ipsilaterally to injury were captured. Microglia density was measured manually by counting 

individual Iba1+ cells and measuring total tissue area using ImageJ.

For astrocyte fluorescent intensity: Single images (20x) from the V1 region of the 

cortex ipsilaterally to injury were captured. Astrocyte fluorescent intensity was measured in 

ImageJ by acquiring the mean fluorescent intensity of a freehand tracing of the entire tissue 

area subtracted from a background area.

For morphology analysis: To ensure imaging a complete cell, z-stack images were 

obtained by focusing on microglia somas in the middle of the tissue (20x Objective digitally 

zoomed to 60x magnification, 1 μm step size). All microglia cells fully encompassed 

within the imaged z-stack were traced and reconstructed using Neurolucida software 

(Microbrightfield Inc., Colchester, VT) to obtain analysis of segmentation, cell bodies, 

Sholl, and more.

Primary Cortical Neuron Cultures

Cortical neuron cultures were prepared from embryonic rats as previously described (Sun 

et al., 2013). Briefly, cortices were dissected from embryonic day 18 Sprague-Dawley rats, 

trypsinized, and triturated through a glass Pasteur pipette. Dissociated neurons were plated at 

desired density in a 12-well plate. Cultures were grown in Neurobasal medium (Invitrogen) 

supplemented with B-27 (Invitrogen) and 2 mM GlutaMAX (Invitrogen). At 10 days in vitro 
(DIV), cells were treated with 1mM metformin or water vehicle control and incubated for 2 

hours.

Western Blotting

Primary cortical neuron cultures were lysed in RIPA buffer (20mM Tris-HCl, 150mM NaCl, 

0.5% NP40, 1.0% Trition-X, 2.0mM EDTA, 2.0mM EGTA, and 0.25% DOC) supplemented 

with protease inhibitor cocktail (Sigma Aldrich, Saint Louis, MO), phosphatase inhibitor 

cocktail (Sigma Aldrich, Saint Louis, MO), 10 mM β-glycerophosphate, 10 mM NaF, 

10 mM Dithiothreitol (DTT), and 10 mM Phenylmethylsulfonyl fluoride (PMSF). Lysed 

cells were incubated on ice for 10 minutes and centrifuged at 13,000xg at 4°C for 10 

min to obtain cleared lysate. 30μg of total lysate was run on 10% SDS-PAGE gels and 
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transferred to PVDF membrane. Blots were probed with primary antibodies Par1c/MARK1 

(ProteinTech, Rosemont, IL: 1:1000) and p-Par1 (Cell Signaling, Danvers, MA: 1:1000). 

Horseradish peroxidase conjugated goat anti-rabbit and goat anti-mouse antibody (Jackson 

ImmunoResearch, West Grove, PA) was used at 1:5,000. Imaging of blots by enhanced 

chemiluminescence was obtained using Syngene G:Box/iChemi-XR and the GeneSnap 

software (Version 7.09.a) (Syngene, Frederick, MD).

Statistical Analysis

StatPlus:mac Pro (version 6.1.60), GraphPad Prism (version 6.0) and/or IBM SPSS (v25) 

were used for statistical analysis. Data are expressed as mean ± standard error mean (SEM). 

One-way or two-way analysis of variance (ANOVA) was utilized for behavioral and cell 

culture experiment as appropriate for all groups combined. Tukey post-hoc testing was 

performed. Significance was considered as a p value of < 0.05. For cellular morphology and 

fluorescence, SPSS was used to perform a linear mixed model with a type III test of fixed 

effects to determine significance.

Results

Metformin improves cognitive functions after TBI

Metformin is emerging as a promising therapeutic agent for CNS injury through its 

neuroprotective mechanisms. However, its effects on hippocampal-dependent learning 

processes following TBI remains elusive even though many TBI patients exhibit 

hippocampal-dependent cognitive impairments (An et al., 2016; Sandry et al., 2015; Whiting 

et al., 2006). Thus, we sought to determine whether metformin can rescue hippocampal­

dependent cognitive defects following a controlled cortical impact (CCI) injury in mice 

using the Morris water maze (MWM). The injury was performed midway between bregma 

and lambda and halfway between the sagittal suture and temporal crest, centered over 

the hippocampus. Adult male CD-1 mice were tested two-days pre-surgery with a visible 

platform as a baseline measurement. Following injury mice were tested with a hidden 

platform from 1 day post injury (1dpi) through 7dpi (Supplemental Figure 1). The average 

latency to reach the platform was analyzed for each experimental group with a 2 (injury 

type) by 2 (treatment type) ANOVA performed (Figure 1A; Supplemental Table 1).

As expected, CCI-TBI (T) mice treated with the vehicle control performed significantly 

worse than both naïve (N) and sham-operated (S) vehicle treated controls by having 

significantly increased latencies in finding the platform each day (Figure 1C; Supplemental 

Table 1) and increased latency to the platform when all days were combined (Figure 1E; 

Supplemental Table 1), indicating impaired spatial learning following injury. Remarkably, 

CCI-TBI mice treated with metformin performed significantly better when compared to 

CCI-TBI mice treated with the vehicle control, having significantly decreased latencies 

in finding the platform in multiple days (Figure 1D; Supplemental Table 1)and decreased 

latency to the platform when all days were combined (Figure 1F; Supplemental Table 1). 

Metformin treatment nearly fully recovered the injury-induced learning impairment, as no 

significant difference was found between CCI-TBI mice treated with the metformin when 

compared to both naïve and sham-operated controls treated with metformin (Figure 1B; 
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Supplemental Table 1). At 7dpi during the probe test, the platform was removed from the 

target quadrant to test the spatial memory of the platform location. No significant differences 

were found in memory retention measured by time in target quadrant, quadrant crossings, 

and mean swim speed (Supplemental Figure 2) between any of the experimental groups. 

To further rule out possible motor deficits in the injured mice, we performed a pole test. 

We found no significant differences between any of the experimental groups in time to 

right (data not shown) or latency to descend once righted, indicating no motor dysfunction 

in the injured mice (Supplemental Figure 3, Supplemental Table 2). Taken together, these 

data demonstrate metformin treatment rescues the defects in hippocampal-dependent spatial 

learning following TBI.

Metformin treatment improves nest building after injury

Nest building is an effective method for analyzing rodent behavioral changes (Aubert, 1999; 

Deacon, 2006; Gaskill et al., 2013; Jirkof, 2014). Rodents (both male and female) are 

highly motivated to build a nest when provided with nesting material, such as a nestlet 

or crinkled paper. Poor or no nest building is a measure used to identify changes in an 

animal’s well-being, and can indicate stress, illness, or pain. Quantitative measurements of 

nest building in laboratory animals have now been established (Gaskill et al., 2013). Thus, 

we scored the nesting of metformin or vehicle treated CCI-TBI (T), sham-operated (S), 

and naïve (N) control mice from 1dpi through 7dpi (Supplemental Figure 1). Each day the 

degree of nesting was ranked on a scale from 1 to 5, with 1 representing no nest and 5 

representing a full nest (Supplemental Figure 4). The degree of nesting was average for 

each group and a 2 (injury type) by 2 (treatment type) ANOVA was performed (Figure 2A; 

Supplemental Table 3).

Both metformin and vehicle treated injured animals showed poor nest building 1dpi when 

compared to sham and naïve controls (Figure 2C and D). Injured mice treated with 

metformin showed significant improvement in their nesting by 2dpi, displaying nests similar 

to those of the sham and naïve controls (Figure 2D). This improvement in nesting behavior 

continued through 7dpi. By the end of the week, injured animals treated with vehicle control 

built worse nests than injured animals treated with metformin (Figure 2B; Supplemental 

Table 3). These results show metformin treatment improves nest-building behavior following 

TBI, indicating improved overall well-being in mice.

Metformin treatment reduces microglial, but not astrocyte, activation after TBI

One of the most striking responses following TBI is the inflammatory response, which 

consists of massive recruitment of activated microglial and astrocytes cells to the injury site. 

Chronic activation of microglia is believed to largely contribute to the secondary injuries 

after TBI. Because metformin has been shown to provide anti-inflammatory properties 

during health and following injury and illness (Afshari et al., 2018; Cameron et al., 2016; 

Kothari et al., 2016; Muri et al., 2019), we sought to determine whether metformin can 

reduce neuroinflammation after TBI. To do this, we examined both microglial morphology 

and astrocyte activation in control and injured animals treated with vehicle or metformin. 

Mice were sacrificed at 7dpi (Supplemental Figure 1). First, we measured the extent of 

cortical disruption in injured mice and found no significant difference between the treatment 
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groups, indicating that the injuries were done uniformly (Supplementary Figure 5). Next, 

tissue sections were immunostained with a microglia marker (Iba1) or astrocyte marker 

(GFAP) and DAPI. Tissue sections were imaged at the peripheral site of injury (Figure 3; 

Supplemental Figure 6).

Under physiological conditions, microglia display highly ramified morphology including 

increased higher order branching and processes. Upon injury, microglia processes retract 

transitioning to an amoeboid morphology with significantly reduced branching and process 

lengths. To quantify changes in microglial morphology, z-stack images were obtained 

from the ipsi-lateral region of the cortex for each animal. Then, Neurolucida was used 

to create 3D reconstructions of individual microglia (Supplemental Figure 7). From the 3D 

reconstructions, Sholl analysis and various morphological aspects were measured, including 

number of intersections; average branch length, nodes, and endings (Figure 4); and total 

lengths of primary, secondary, tertiary, and quaternary processes (Figure 5). A 2 (injury 

type) by 2 (treatment type) ANOVA was performed (Supplemental Table 5).

Interestingly, injured animals treated with metformin show significantly more ramified 

microglia morphology than injured animals treated with the vehicle control. As seen 

in Figures 4 and 5, the metformin treated group exhibit longer average branch lengths; 

more intersections, nodes, and endings, and increased higher order tertiary and quaternary 

branches (Supplemental Table 5). These increases in higher order branching and processes 

suggest decreased immune activation. Since the overall density of microglia remained 

unaltered (Supplemental Figure 8, Supplemental Table 4), metformin treatment does not 

alter microglia recruitment or proliferation at the injury site. These results demonstrate 

that while microglia are still recruited to and proliferate at the injury site, injured animals 

treated with metformin exhibit more ramified microglia morphology, indicating reduced 

neuroinflammation.

Under normal conditions, astrocytes are found largely throughout the brain performing 

many vital functions, such as regulation of Blood Brain Barrier (BBB) and maintenance 

of neuronal homeostasis (Matejuk and Ransohoff, 2020; Sofroniew, 2020). However, injury 

causes astrocyte activation and proliferation near the injury site (Guttenplan et al., 2020; 

Liddelow et al., 2017). To assess changes in astrocyte activation, alterations in overall 

fluorescent intensity of GFAP, a known marker of astrocyte activation, at the injury site 

were quantified. No significant intensity changes were found between any of the vehicle or 

metformin treated groups (Fig. 6, Supplemental Table 6), suggesting metformin does not 

alter astrocyte activation.

Metformin significantly activates Par1 in primary neurons

Given the promising functional benefits of metformin in treating brain injury, we wanted 

to explore the downstream molecular targets of metformin in the brain. Previous studies 

propose the Ser/Thr kinase known as liver kinase B1 (LKB1) as a major effector of 

metformin (Shaw et al., 2005). LKB1 is best known for activating AMP-activated protein 

kinase (AMPK) by phosphorylation, making the LKB1-AMPK pathway a major metabolic 

cellular checkpoint (Shackelford and Shaw, 2009). Another downstream target of LKB1 

is the Ser/Thr kinase partitioning defective 1 (Par1), also known as microtubule affinity 
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regulating kinase (MARK) (Lizcano et al., 2004). Interestingly, we recently found that Par1 

plays an important role in synaptic plasticity, the key cellular basis for learning and memory 

(Bernard and Zhang, 2015;Wu et al., 2012; Wu et al., 2017), and in regulating microglia 

activation (DiBona et al., 2019). To investigate whether metformin affects Par1 activity, we 

treated primary cortical neurons with metformin or vehicle control. Lysed neurons analyzed 

via Western blot revealed metformin treatment significantly increased Par1 activation, as 

shown by increased phosphorylation of the Par1 using an antibody against the activation 

loop threonine of the Par1/MARK family (Fig. 7, Supplemental Table 7). This suggests 

Par1/MARK family kinases are activated downstream of metformin in neurons.

Discussion

TBI causes multifaceted changes within the brain, including oxidative stress, 

neuroinflammation, and impaired synaptic plasticity, leading to chronic deficits, such as 

emotional instability and cognitive dysfunction in patients (Blennow et al., 2016). Thus, 

for full functional recovery treatment strategies need to improve diverse aspects of cellular 

and cognitive brain functions. Yet, current TBI medications generally only alleviate certain 

symptoms and do not fundamentally address the injury mechanisms needed for functional 

recovery.

In this study, we show that metformin significantly enhances cognitive recovery after TBI 

demonstrated by improved spatial learning in the Morris Water Maze (MWM). Remarkably, 

injured animals treated with metformin behave indistinguishably from the naïve and sham 

groups in the MWM test, which indicates a full functional recovery in spatial learning. 

While TBI caused a significant impairment in spatial learning, it did not affect memory 

retention once the learning trials were completed, as evidenced by the lack of significant 

differences in the probe trial observed between any of the experimental groups. Interestingly, 

a recent study did not show improvements in spatial learning after metformin treatment of 

injured animals (Hill et al., 2016). One likely reason for this discrepancy is their shortened 

treatment protocol. While their mice were treated with only 3 injections of metformin after 

injury, mice in our study were treated with a total of 7 daily injections of metformin. 

Nonetheless, beneficial effects were observed including reduced neuronal loss after just 

three doses of metformin (Gardner et al., 2018). In addition, nest building was significantly 

improved, which suggests improved overall well-being in the metformin-treated injury 

group. Together, these results highlight metformin as a highly promising therapeutic agent 

for improving cognitive functions and emotional wellbeing after TBI.

Metformin also offers anti-inflammatory properties (Afshari et al., 2018; Cameron et 

al., 2016; Kothari et al., 2016; Muri et al., 2019). Here, we show that following 

injury metformin treatment results in increased ramified microglial morphology compared 

with vehicle controls. Microglia from injured mice treated with metformin have longer 

total branch lengths; increased intersections, nodes, and endings; and increased branch 

complexity with more tertiary and quaternary processes. Together, this alteration in 

microglia morphology indicates reduced neuroinflammation following metformin treatment 

after an injury. Indeed, a recent study demonstrated reduced cytokine production in response 

to metformin in a rat model of brain injury (Tao et al., 2018). Surprisingly, we found 
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microglial density was not reduced in the metformin-treated group. This suggests metformin 

does not target the injury-induced microglial proliferation process since microglia are 

still recruited to and proliferate at the injury site to ideally aid in repair. Similarly, we 

did not observe a significant difference in the level of astrocyte activation at the injury 

sites. Since reactive astrocytes play an essential neuroprotective role in the acute brain 

injury response (Myer et al., 2006; Zhou et al., 2020), the lack of a dampening effect 

of metformin on astrocyte and microglia proliferation may be beneficial in preserving the 

acute neuroprotective role of the inflammatory response. Taken together, our results indicate 

metformin may promote a measured reduction in immune response following injury to 

facilitate functional recovery.

Our study consists of young adult male mice. Infant, adolescent, and young adult males not 

only have higher incidence rates of TBI than females but have a three times higher death 

rate (Caplan et al., 2017; Ciurea et al., 2011; Faul M, 2010). By age 65, the male:female 

incidence ratio is almost 1:1 (Mushkudiani et al., 2007; Vagnerova et al., 2008), with TBI 

in older females resulting in worse clinical outcomes, such as increased severity of injury 

and mortality (Munivenkatappa et al., 2016). Only recently has research begun to explore if, 

and how, sex differences affect TBI outcomes. In newborn female mice metformin activates 

neural stem cells and improves cognitive recovery in a puzzle box testing paradigm (Ruddy 

et al., 2019). This stem cell expansion is hormone dependent for both male and female mice. 

Estradiol increases while testosterone decreases the stem cell pool. For these reasons, future 

studies should examine the effects of metformin in a female cohort and in aged mice.

What are the molecular mechanisms underlying the effects of metformin? Although 

more studies are needed to clearly understand this question, a recent study found 

metformin promotes neurogenesis by activating the atypical Protein Kinase C- (aPKC) 

mediated phosphorylation of CREB-binding protein (CBP) pathway (Wang et al., 2012). 

Another study found prolonged treatment with metformin in older mice to decrease 

microglia activation associated with aging and diabetes, resulting in enhanced hippocampal 

neurogenesis. They revealed long-term metformin treatment results in the activation of 

insulin receptor substrate 1 (IRS1), a mediator of selective serine phosphorylation of the 

insulin/insulin-like growth factor 1-R (IGF1-R) signaling pathway, which is associated with 

adenosine monophosphate (AMP)-activated protein kinase (AMPK)- atypical protein kinase 

C ζ (aPKC ζ) pathway (Tanokashira et al., 2018). Multiple groups have found metformin to 

activate LKB1 in several different cellular contexts, including within the liver to lower blood 

glucose levels, within C. elegans to extend lifespan and enhance healthspan by slowing 

lipofuscin accumulation, and to also activate the central homeostasis regulator AMPK 

(Onken and Driscoll, 2010; Shaw et al., 2005; Tanokashira et al., 2018; Xie et al., 2008). 

Here, we show metformin activates the Ser/Thr kinase Par1/MARK, which is a downstream 

target of LKB1 (Lizcano et al., 2004). Interestingly, our recent studies demonstrate loss 

of Par1 enhances microglia sensitivity to injury (DiBona et al., 2019). This provides an 

additional mechanism by which metformin can reduce microglial activation after injury. 

Moreover, our recent studies implicate Par1 in synaptic plasticity downstream of NMDA 

receptors in dendritic spines (Bernard and Zhang, 2015; Wu et al., 2012; Wu et al., 2017). 

Additionally, the anti-inflammatory properties of metformin is thought to be mediated 

through nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB). NFkB is 
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known to induce the expression of pro-inflammatory genes that regulates the survival, 

activation and differentiation of both the innate and adaptive immune response (Hirsch et 

al., 2013; Isoda et al., 2006; Liu et al., 2017). Thus, our studies provide an additional 

molecular pathway through which metformin restores cognitive functions by stimulating 

synaptic plasticity and moderating an overzealous immune response.

In summary, our studies demonstrate that metformin treatment restores cognitive and 

emotional deficits in mice subjected to TBI. Metformin treatment shifts microglia towards 

a more ramified and less ameboid morphology, indicating reduced neuroinflammation. 

Furthermore, we found metformin stimulates the Ser/Thr kinase Par1/MARK activity, 

which we have recently established to play an important role in synaptic plasticity. Taken 

together, our studies suggest metformin is a highly promising pharmacotherapeutic agent 

to potentially restore cognitive and emotional deficits in TBI patients through a pleiotropic 

mechanism by reducing neuroinflammation and enhancing synaptic plasticity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Metformin improves cognitive functions of spatial learning and nest building 

post injury in mice.

• Injured animals treated with metformin had increased ramification of 

microglia processes.

• Metformin treatment in vitro increased neuronal activation of partitioning 

defective 1 (Par1).

• Metformin is a promising therapeutic for targeting multiple cellular processes 

in TBI recovery.

DiBona et al. Page 15

Neurosci Res. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Metformin significantly improved spatial learning following CCI-TBI.
Adult CD-1 male mice were tested using the Morris Water Maze for six days starting 

one day post-surgery. The latency for each mouse to find the submerged platform was 

measured daily (data represent the average of 4 trials per day). A Two-way ANOVA 

was performed assessing all groups and treatments. A. The average latencies for each 

experimental group were plotted together. The following plots are extracted from graph A 

for illustrative purposes. B. Injured mice given metformin were plotted against their sham 

and naïve controls. No significant difference was observed between different groups. C. 
Injured mice given a vehicle were plotted against their sham and naïve controls. The injured 

mice consistently performed significantly worse when compared to their sham and naïve 

controls. D. Average latencies for the injured mice treated with either vehicle or metformin. 
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Metformin treated mice performed significantly better than vehicle treated mice as shown by 

the shorter latency to reach the hidden platform. E. The total average latency across all six 

days for injured mice given a vehicle was plotted against their sham and naïve controls. F. 
The total average latency across all six days for the injured mice treated with either vehicle 

or metformin. Data represent the mean ± SEM. A 2-way ANOVA was performed with 

Tukey’s post-hoc test, *p<0.05, **p<0.01, ***p<0.001. N (animals) = Vehicle: Naive=8, 

Sham=12, TBI=10; Metformin: Naive=10, Sham=12, TBI=11.
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Figure 2. Metformin significantly improved nesting behavior following CCI-TBI.
Adult CD-1 male mice had their home cage nests ranked each morning starting 1-day 

post-surgery to assess for stress, anxiety, and other emotional disturbances. A Two-way 

ANOVA was performed assessing all groups and treatments. A. The nesting score for 

the naïve, sham and injured mice treated with either vehicle or metformin were plotted 

together. The following plots are extracted from graph A for illustrative purpose. B. Injured 

mice given metformin were plotted against their sham and naïve controls. No significant 

differences were found between different groups. C. Injured mice given a vehicle were 

plotted against their sham and naïve controls. Injured mice display significant impairments 

in nest building as compared to vehicle treated naïve and sham controls. D. Injured mice 

treated with metformin show significantly improved nesting behavior starting the first day 

post-injury when compared to vehicle treated injured mice. Data represent the mean ± 

SEM. A 2-way ANOVA was performed with Tukey’s post-hoc test, *p<0.05, **p<0.01, 

***p<0.001.N (animals) = Vehicle: Naive=8, Sham=12, TBI=10; Metformin: Naive=10, 

Sham=12, TBI=11.
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Figure 3. Microglia response following treatment with metformin post-surgery.
Naïve, sham-operated control or CCI-TBI mice were treated with either vehicle or 

metformin beginning at 1-hour post-surgery and daily thereafter. At 7 days post-injury, mice 

were sacrificed, their brains sectioned and immunostained for microglia marker Iba1 (red) 

and nuclear marker DAPI (cyan). Confocal images were acquired of the ipsi-lateral cortex 

for all mouse tissue at 60x. The periphery of a microglia cell is outlined in white, and somas 

are outlined in yellow. Scale bar = 10μm.
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Figure 4. Metformin treatment after injury increased microglia branching complexity.
Z-stack images were acquired from the cortex of naïve, sham and CCI-TBI animal tissue 

treated with either vehicle or metformin. Neurolucida software was used to create 3D 

reconstructions of individually isolated microglia. Various morphological aspects were 

measured following Sholl Analysis with a somal radius of 10 μm, including number 

of intersections (A,B), average branch length (D,E), nodes (G, H), and endings (J,K). 

Injured mice treated with metformin were found to have significantly more intersections 

(C), average branch length (F), nodes (I) and endings (L) than injured mice treated with 

vehicle. Data represent the mean ± SEM. N (animals/microglia) = Vehicle-TBI=10/120; 

Metformin-TBI=12/144, *p<0.05, **p<0.01 by type III test of fixed effects using a linear 

mixed model analysis.
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Figure 5. Metformin treatment after injury increased high order branching of microglia.
Z-stack images were acquired from the cortex of naïve, sham and CCI-TBI animal 

tissue treated with either vehicle or metformin. Neurolucida software was used to create 

3D reconstructions of individually isolated microglia. Orders of branch complexity was 

measured following Sholl Analysis with a somal radius of 10 μm, including primary (A,B), 

secondary (D,E), tertiary (G,H) and quaternary (J,K) orders. Injured mice treated with 

metformin were found to have higher complexity at the tertiary (I) and quaternary (L) 

orders than injured mice treated with vehicle. Data represent the mean ± SEM. N (animals/

microglia) = Vehicle-TBI=10/120; Metformin- TBI=12/144, *p<0.05, **p<0.01 by type III 

test of fixed effects using a linear mixed model analysis.
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Figure 6. Astrocyte activation is not significantly altered following Metformin treatment.
Confocal images were acquired of the ipsi-lateral cortex of CCI-TBI, sham-operated 

and naïve control mouse tissue and the fluorescent intensity was manually quantified 

of GFAP+ cells using ImageJ. No significant difference in fluorescent intensity of 

GFAP+ labeled astrocytes was found between vehicle or metformin treated Naïve, sham­

operated control or CCI-TBI mice. Data represent the mean ± SEM. A 2-way ANOVA 

was performed. N (animals/images) = Vehicle: Naive=8/24, Sham=12/32, TBI=10/31; 

Metformin: Naive=10/27, Sham=12/37,TBI=11/36. Data were analyzed by type III test of 
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fixed effects using a linear mixed model analysis. No significant differences were observed 

between the experimental groups.
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Figure 7. Metformin significantly activates Par1 in primary cortical neurons.
Primary neuronal cultures were treated with 1mM of vehicle or metformin for 2 hours. 

Protein lysates were probed for Par1, phospho-Par1 (p-Par1) and GAPDH as a loading 

control. Par1 was significantly activated following metformin treatment as determined by 

a significant increase in the p-Par1/Par1 ratio. Data represent the mean ±SEM. A 1-way 

ANOVA was performed with Tukey’s post-hoc test, **p<0.01.
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