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          Introduction 

 Although rats and mice are the most commonly used lab ani-
mals for models of brain injury, few studies have focused on 
comparative behavioral analyses between the species, and 
fewer still have assessed gender by species interactions. 
Rodents, like humans, can perform complex behaviors across 
a variety of situational demands. However, due in part to 
their remarkable resiliency, demonstration of consistent and 
signifi cant behavioral defi cits following brain injury can 
often prove challenging. Variations in testing protocols 
within and across laboratories, as well as innate differences 
between rats and mice and their interaction with gender, have 
muddied the waters even further. 

 A long history of research has suggested that rats may 
provide a better model of human behavior than mice, despite 
their increased cost for experimentation. For decades, rats 
were the preferred species for studying the effects of brain 
injury. There are a number of reasons for this preference, 
including a larger brain (making surgeries somewhat easier) 
and seemingly more complex behavioral abilities. A review 
by Wishaw and colleagues [ 31 ] concluded that mice present 
with a simpler, more refl exive repertoire and fewer complex 
social behaviors. Neuroanatomical differences between rats 
and mice may account for some of these differences [ 7 ,  28 ]. 
However, the benefi ts of mice include lower initial and hous-
ing costs, ease of transportation, and the increasing availabil-
ity of transgenic and knockout mice. For these reasons, many 
behavioral laboratories, including our own, now test mice 
more often than rats. Fortunately, behavioral protocols spe-
cifi c to mice are being refi ned [ 6 ]. Furthermore, males are 
represented in the both the rat and mouse literature to a much 
larger extent than females. Although avoidance of behavioral 

variance due to estrous cycles is often cited as a reason to  not  
use females, the lack of female representation in the litera-
ture presents a broad gap in knowledge, especially in light of 
the consistent behavioral and neuroanatomical differences 
observed between human males and females [ 29 ]. 

 Our group has tested rodent models of traumatic brain 
injury to the cortex [ 1 ,  3 ,  8 ,  9 ,  14 ,  16 ,  23 ,  24 ], as well as sub-
cortical injuries such as intracerebral hemorrhage [ 11 – 13 , 
 17 – 19 ,  21 ,  26 ] and hypoxic ischemia encephalopathy [ 2 ,  4 ,  5 , 
 10 ,  22 ,  25 ]. Although these individual studies have provided 
many insights into the defi cits following these injuries and 
their mechanisms, we have become increasingly interested in 
comparing the similarities and differences among the behav-
ioral and neuropathological phenotypes induced by different 
types of brain injury. Because the ultimate goal of these stud-
ies is to elucidate the sequelae and mechanisms of brain injury 
in humans, it is important to determine whether our models’ 
endpoints accurately refl ect those observed in humans.  

    Materials and Methods 

 For these analyses, water maze and rotarod data from several 
experiments performed in Loma Linda University’s 
Behavioral Neuroscience Laboratory were combined into a 
common database consisting of 700 animals (~70 % mice vs. 
~30 % rats; ~75 % male vs. ~25 % female). Although the 
majority of these animals were noninjured or “sham” con-
trols, a subset (~15 %) sustained either traumatic brain injury 
(“cortical”) or intracerebral hemorrhage/ischemia (“subcor-
tical”). Various strains were used for each species, although 
Sprague-Dawley was the most commonly used rat, and 
c57Bl/6 was the most commonly used mouse. 

 The water maze is a test of spatial learning and memory in 
rodents, requiring the animal to fi nd a slightly submerged plat-
form within a large pool of opaque water. Cumulative distance 
to the platform (measured 5×/s) was used as the water maze 
outcome to control for potential differences in swim speed. 
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The rotarod test consists of a rotating cylinder placed approxi-
mately 30 cm above a tray. The animal is required to walk for-
ward to stay on this cylinder as it rotates to avoid falling. 
Latency to fall off the rotating cylinder was used as the rotarod 
outcome. Because the data were gathered over a period of sev-
eral years and in multiple laboratory environments with diverse 
research goals, exact implementations of behavioral tests have 
varied, as have the specifi c equipment used. Although these dif-
ferences have increased the variance within the data, the large 
number of subjects in the database to some extent counteracts 
these effects. Within- and between-subject ANOVAs were used 
to analyze the data. For homogeneity of variance and sphericity 
violations, the appropriate corrections were applied, and sig-
nifi cant effects were analyzed with the Scheffé post hoc test.  

    Results 

 Overall water maze data suggest that control animals demon-
strated an obvious and signifi cant spatial learning curve, in 
which performance improved with each trial (Fig.  1a ). 

Animals with subcortical injuries and cortical injuries were 
both signifi cantly impaired. Although both injury groups 
performed similarly by the end of testing, animals with sub-
cortical injuries started off signifi cantly more impaired. By 
the end of testing, both types of injury were associated with 
severe defi cits compared with controls. In a comparison of 
performance by species, both rats and mice started off with 
similar performance and demonstrated signifi cant learning 
curves, but the mice reached asymptote earlier than the rats, 
which continued to improve (Fig.  1b ). Across species, males 
showed slightly, but signifi cantly, improved spatial learning 
performance compared with females (Fig.  1c ). However, 
when broken down by species and gender (Fig.  1d ), it 
becomes obvious that the effect was driven more by rats, in 
which males performed signifi cantly better than females. In 
mice, however, the water maze performance of males and 
females did not signifi cantly differ.

   Overall rotarod performance suggests that cortical inju-
ries produced profound defi cits compared with subcortical 
injuries, which do not differ signifi cantly from controls 
(Fig.  2a ). Similar to the superior cognitive performance of 
rats in the water maze, rats also demonstrated superior 

a b

c d

  Fig. 1    Spatial learning performance as assessed by the water maze. ( a ) 
Control animals performed better across the spatial learning trials than cor-
tical animals ( p  < .05), which performed better than subcortical animals 

( p  < .05). ( b ) Rats performed better than mice ( p  < .05). ( c ) Males performed 
better than females ( p  < .05). ( d ) Male rats performed better ( p  < .05) than 
female rats, male mice, and female mice, which did not differ       
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 sensorimotor coordination and balance on the rotarod by 
staying on the rotating cylinder signifi cantly longer than 
mice (Fig.  2b ). Across species, females showed slightly, but 
signifi cantly, improved performance compared with males 
(Fig.  2c ). However, when broken down by species and gen-
der (Fig.  2d ), it becomes obvious that the effect was driven 
more by mice, in which males performed signifi cantly worse 
than females. In rats, however, males performed only slightly 
worse than females.

       Discussion 

 These fi ndings extend the existing body of literature by mak-
ing comparisons among species, gender, and injury model 
across cognitive and sensorimotor behavioral domains. We 
have also shown that cortical injuries, such as those induced 
by a traumatic brain injury, were associated with profound 

sensorimotor and cognitive defi cits. In contrast, subcortical 
injuries, such as those induced by intracerebral hemorrhage, 
hypoxic-ischemia, or both, were associated with even more 
profound cognitive defi cits in the absence of signifi cant sen-
sorimotor defi cits. The observed patterns of performance 
indicate the similarities of the broad pattern of neurocogni-
tive defi cits associated with these rodent brain injury models 
and those observed following human brain injury. 

 Likewise, we observed subtle gender differences that 
proved to be species-dependent. As often reported in humans, 
males performed subtly, but signifi cantly, better than females 
on a task of spatial learning. However, this phenomenon was 
only observed in rats, and mice of both genders performed 
more like female rats in the water maze. The opposite pattern 
was observed on a test of sensorimotor coordination and bal-
ance. In general, males performed subtly, but signifi cantly, 
worse than females on the rotarod. However, this phenome-
non was most evident in mice, and rats of both genders per-
formed similarly to female mice. Although many studies 

a b

c d

  Fig. 2    Sensorimotor balance and coordination performance as assessed 
by the rotarod. ( a ) Cortical animals performed worse ( p  < .05) than con-
trol or subcortical animals, which did not differ. ( b ) Mice performed 

worse than rats ( p  < .05). ( c ) Males performed worse than females 
( p  < .05). ( d ) Male mice performed worse ( p  < .05) than female mice, 
male rats, and female rats, which did not differ       
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from our laboratory have not found statistically signifi cant 
differences in gender, these results suggest that consistent, 
but subtle, differences exist. Indeed, a meta-analysis of 
rodent sex differences by Jonasson [ 15 ] concluded that there 
was evidence for gender differences in spatial learning, 
despite the fact that the majority of reviewed studies reported 
no signifi cant differences. 

 Finally, we observed that, in general, rats performed bet-
ter across both cognitive and sensorimotor behavioral 
domains. However, as noted for spatial learning in the water 
maze, this was only true for male rats. For sensorimotor 
coordination and balance on the rotarod, only male mice 
performed worse than rats. These results at least partly cor-
roborate those reported in the literature. When Wishaw and 
Tomie [ 32 ] used the water maze to assess spatial learning in 
rats and mice, rats performed signifi cantly better. Moreover, 
the rats demonstrated improved problem-solving strategies 
over time relative to mice, indicating that they were learning 
to learn, whereas mice showed no such problem-solving 
strategy improvement. Even though strain differences have 
been observed in both rats [ 20 ] and mice [ 27 ] due to varying 
swim speeds and visual acuity, rats’ ability to conduct an 
organized search with high accuracy suggests that they are 
better problem solvers in the water. Even though it has been 
suggested that the Barnes maze, a dry land alternative to the 
water maze, may be more appropriate for mice, mice in our 
hands have performed similarly on both the Barnes maze 
and the water maze. Additionally, similar to our rotarod 
results, rats have demonstrated a greater ability to learn 
complex and coordinated asymmetrical motor behavior than 
mice in a test of reaching behavior and environmental 
manipulation [ 30 ]. 

 Signifi cant differences in task performance and trends in 
performance could indicate that particular species and gen-
der combinations could provide better models for humans, or 
reveal the most important controls to consider, depending on 
the behavior of interest. Notably, gender differences were 
present, but were not the same for rats and mice. Mice dem-
onstrated more pronounced gender differences in motor abil-
ity than rats, whereas rats demonstrated more pronounced 
gender differences in spatial learning. These fi ndings have 
implications for study design. The extensive time and budget 
resources required for administration of a comprehensive 
battery requires that researchers use the most effi cient design. 
Strategically designed batteries could identify initial behav-
ioral outcomes and indicate the need for future behavioral 
testing while consuming the fewest resources. Depending on 
the nature of the injury and the defi cits produced, the eco-
nomic benefi ts of using mice over rats may be offset by the 
larger number of animals required to attain suffi cient statisti-
cal power. 

 In summary, this study showed that the cognitive and sen-
sorimotor abilities of rodents differ according to species, 

gender, and type of injury. This study also characterized dis-
tinct behavioral profi les for animals with cortical and subcor-
tical brain injury models that resemble injury profi les in 
humans. Additional covariates, such as edema and lesion 
size, may further clarify these phenotypes. Overall, we pro-
vide evidence that abbreviated test batteries may be specifi -
cally designed to test defi cits depending on the species, 
gender, and model.     

  Acknowledgments   We would like to thank our collaborators at Loma 
Linda University, including the laboratories of Drs. John Zhang, Andre 
Obenaus, Jiping Tang, Stephen Ashwal, and Jerome Badaut. 

  Confl ict of Interest   The authors declare that they have no confl ict of 
interest.   

   References 

    1.    Ajao DO, Pop V, Kamper JE et al (2012) Traumatic brain injury in 
young rats leads to progressive behavioral defi cits coincident with 
altered tissue properties in adulthood. J Neurotrauma 
29(11):2060–2074  

    2.    Ashwal S, Ghosh N, Turenius CI, Dulcich M, Denham CM, Tone 
B, Hartman R, Snyder EY, Obenaus A (2014) Reparative effects of 
neural stem cells in neonatal rats with hypoxic ischemic injury are 
not infl uenced by host gender. Pediatr Res 75(5):603–611  

    3.    Bertolizio G, Bissonnette B, Mason L, Ashwal S, Hartman R, 
Marcantonio S, Obenaus A (2011) Effects of hemodilution after 
traumatic brain injury in juvenile rats. Paediatr Anaesth. 
doi:  10.1111/j.1460-9592.2011.03695.x      

    4.    Chen W, Hartman RE, Ayer R, Marcantonio S, Kamper J, Tang J, 
Zhang JH (2009) Matrix metalloproteinases inhibition provides 
neuroprotection against hypoxia-ischemia in the developing brain. 
J Neurochem 111(3):726–736  

    5.    Chen W, Ma Q, Suzuki H, Hartman RE, Tang J, Zhang JH (2011) 
Osteopontin reduced hypoxia-ischemia neonatal brain injury by 
suppression of apoptosis in a rat pup model. Stroke 42(3):764–769  

    6.   Crawley J (2008) What’s wrong with my mouse – chapter 13. B 
chapter 1–20. Wiley-Liss, New York  

    7.    Defelipe J (2011) The evolution of the brain, the human nature of 
cortical circuits, and intellectual creativity. Front Neuroanat 5:29  

    8.    Donovan V, Bianchi A, Hartman R, Bhanu B, Carson MJ, Obenaus 
A (2012) Computational analysis reveals increased blood deposi-
tion following repeated mild traumatic brain injury. NeuroImage 
Clin 1(1):18–28  

    9.    Fukuda AM, Adami A, Pop V, Bellone JA, Coats JS, Hartman RE, 
Ashwal S, Obenaus A, Badaut J (2013) Posttraumatic reduction of 
edema with aquaporin-4 RNA interference improves acute and 
chronic functional recovery. J Cereb Blood Flow Metab 
33(0923559):1621–1632  

    10.    Hartman RE, Lee JM, Zipfel GJ, Wozniak DF (2005) Characterizing 
learning defi cits and hippocampal neuron loss following transient 
global cerebral ischemia in rats. Brain Res 1043(1–2):48–56  

    11.    Hartman RE, Lekic T, Rojas H, Tang J, Zhang JH (2009) Assessing 
functional outcomes following intracerebral hemorrhage in rats. 
Brain Res 1280:148–157  

   12.    Hartman RE, Rojas HA, Lekic T, Ayer R, Lee S, Jadhav V, Titova 
E, Tang J, Zhang JH (2008) Long-term effects of melatonin after 
intracerebral hemorrhage in rats. Acta Neurochir (Wien) 
105:99–100  

R.E. Hartman and E.C. Thorndyke III

http://dx.doi.org/10.1111/j.1460-9592.2011.03695.x


75

    13.    Hartman RE, Rojas H, Tang J, Zhang JH (2008) Long-term behav-
ioral characterization of a rat model of intracerebral hemorrhage. 
Acta Neurochir (Wien) 105:125–126  

    14.    Huang L, Coats JS, Mohd-Yusof A et al (2013) Tissue vulnerabil-
ity is increased following repetitive mild traumatic brain injury in 
the rat. Brain Res 1499:109–120  

    15.    Jonasson Z (2005) Meta-analysis of sex differences in rodent mod-
els of learning and memory: a review of behavioral and biological 
data. Neurosci Biobehav Rev 28:811–825  

    16.    Kamper JE, Pop V, Fukuda AM, Ajao DO, Hartman RE, Badaut J 
(2013) Juvenile traumatic brain injury evolves into a chronic brain 
disorder: behavioral and histological changes over 6months. Exp 
Neurol 250:8–19  

    17.    Lekic T, Hartman RE, Rojas H, Manaenko A, Chen W, Ayer R, 
Tang J, Zhang JH (2010) Protective effect of melatonin upon neu-
ropathology, striatal function, and memory ability after intracere-
bral hemorrhage in rats. J Neurotrauma 27(3):627–637  

   18.    Lekic T, Manaenko A, Rolland W, Krafft PR, Peters R, Hartman 
RE, Altay O, Tang J, Zhang JH (2012) Rodent neonatal germinal 
matrix hemorrhage mimics the human brain injury, neurological 
consequences, and post-hemorrhagic hydrocephalus. Exp Neurol 
236(1):69–78  

    19.    Lekic T, Manaenko A, Rolland W, Virbel K, Hartman RE, Tang J, 
Zhang J (2011) Neuroprotection by melatonin after germinal 
matrix hemorrhage in neonatal rats. Acta Neurochir (Wien) 
111:201–206  

    20.    Lindner MD, Schallert T (1988) Aging and atropine effects on spa-
tial navigation in the Morris water task. Behav Neurosci 
102:621–634  

    21.    Manaenko A, Lekic T, Barnhart M, Hartman R, Zhang JH (2014) 
Inhibition of transforming growth factor-β attenuates brain injury 
and neurological defi cits in a rat model of germinal matrix hemor-
rhage. Stroke 45:828–834  

    22.    Obenaus A, Dilmac N, Tone B, Tian HR, Hartman R, Digicaylioglu 
M, Snyder EY, Ashwal S (2011) Long-term magnetic resonance 
imaging of stem cells in neonatal ischemic injury. Ann Neurol 
69:282–291  

    23.    Pop V, Sorensen DW, Kamper JE, Ajao DO, Murphy MP, Head E, 
Hartman RE, Badaut J (2013) Early brain injury alters the blood–
brain barrier phenotype in parallel with β-amyloid and cognitive 
changes in adulthood. J Cereb Blood Flow Metab 33(2):205–214  

    24.   Pop V, Sorensen DW, Kamper JE, Ajao DO, Paul Murphy M, Head 
E, Hartman RE, Badaut J, Murphy PM (2013) Early brain injury 
alters the blood – brain barrier phenotype in parallel with β- amyloid 
and cognitive changes in adulthood. J Cereb Blood Flow Metab 
33(2):205–214  

    25.    Recker R, Adami A, Tone B, Tian HR, Lalas S, Hartman RE, 
Obenaus A, Ashwal S (2009) Rodent neonatal bilateral carotid 
artery occlusion with hypoxia mimics human hypoxic-ischemic 
injury. J Cereb Blood Flow Metab 29:1305–1316  

    26.    Rolland WB, Lekic T, Krafft PR, Hasegawa Y, Altay O, Hartman 
R, Ostrowski R, Manaenko A, Tang J, Zhang JH (2013) Fingolimod 
reduces cerebral lymphocyte infi ltration in experimental models of 
rodent intracerebral hemorrhage. Exp Neurol 241:45–55  

    27.    Royle SJ, Collins FC, Rupniak HT, Barnes JC, Anderson R (1999) 
Behavioural analysis and susceptibility to CNS injury of four 
inbred strains of mice. Brain Res 816:337–349  

    28.    Snyder JS, Choe JS, Clifford MA, Jeurling SI, Hurley P, Brown A, 
Kamhi JF, Cameron HA (2009) Adult-born hippocampal neurons 
are more numerous, faster maturing, and more involved in behav-
ior in rats than in mice. J Neurosci 29:14484–14495  

    29.    Voyer D, Voyer S, Bryden MP (1995) Magnitude of sex differences 
in spatial abilities: a meta-analysis and consideration of critical 
variables. Psychol Bull 117:250–270  

    30.    Whishaw IQ (1996) An endpoint, descriptive, and kinematic com-
parison of skilled reaching in mice ( Mus musculus ) with rats 
( Rattus norvegicus ). Behav Brain Res 78:101–111  

    31.    Whishaw IQ, Metz GAS, Kolb B, Pellis SM (2001) Accelerated 
nervous system development contributes to behavioral effi ciency 
in the laboratory mouse: a behavioral review and theoretical pro-
posal. Dev Psychobiol 39:151–170  

    32.    Whishaw IQ, Tomie JA (1997) Of mice and mazes: similarities 
between mice and rats on dry land but not water mazes. Physiol 
Behav 60:1191–1197    

Patterns of Behavioral Defi cits in Rodents Following Brain Injury Across Species, Gender, and Experimental Model


	Patterns of Behavioral Deficits in Rodents Following Brain Injury Across Species, Gender, and Experimental Model
	Introduction
	 Materials and Methods
	 Results
	 Discussion
	References


