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It is becoming increasingly clear that the genetic background of mice and rats, even in inbred strains, can have a
profound influence on measures of seizure susceptibility and epilepsy. These differences can be capitalized upon
through genetic mapping studies to reveal genes important for seizures and epilepsy. However, strain back-
ground and particularly mixed genetic backgrounds of transgenic animals need careful consideration in both
the selection of strains and in the interpretation of results and conclusions. For instance, mice with targeted
deletions of genes involved in epilepsy can have profoundly disparate phenotypes depending on the background
strain. In this review, we discuss findings related to how this genetic heterogeneity has and can be utilized in the
epilepsy field to reveal novel insights into seizures and epilepsy. Moreover, we discuss how caution is needed in
regards to rodent strain or even animal vendor choice, and how this can significantly influence seizure and epi-
lepsy parameters in unexpected ways. This is particularly critical in decisions regarding the strain of choice used
in generatingmicewith targeted deletions of genes. Finally,we discuss the role of environment (at vendor and/or
laboratory) and epigenetic factors for inter- and intrastrain differences and how such differences can affect the
expression of seizures and the animals' performance in behavioral tests that often accompany acute and chronic
seizure testing.
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1. Introduction

Similar to humans, genetic background plays an important role in
modulating both seizure susceptibility and its neuropathological conse-
quences in rodent models of seizures or epilepsy, a factor which has

received inadequate consideration in prior studies [1]. Outbred strains
of mice (e.g., Swiss, NMRI or CD-1) or rats (e.g., Wistar or Sprague–
Dawley (SD)) have been widely used in models of seizures or epilepsy,
but such outbred strains can increase seizure variability with a high
intrastrain phenotypic variation due to genetic heterogeneity [2,3].
Genetic divergence between outbred subpopulations may arise from a
number of mechanisms, including natural selection, mutation, uncon-
scious experimenter selection, and genetic drift [2,3]. Such intrastrain
differences may be an important reason for discrepancies between
studies from different laboratories using outbred strains. However, out-
bred strains of rodents can have important contributions to experimen-
tal design, since in many ways they can model the genetic diversity
observed in the human population. But the genetic variance imparted
by the use of outbred strains also needs to be factored into the exper-
imental interpretations, particularly as it may relate to the under-
standing of single gene effects being studied (i.e., targeted deletions
of genes). Furthermore, apart from genetics, intrastrain and interstrain
differences in models of seizures or epilepsy can also be due to the
environmental conditions under which the animals are bred and
maintained [4].

It is generally assumed that using inbred strains of mice or rats mini-
mizes the effect of intrastrain differences because of genetic homogeneity
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within inbred strains. However, the inbreeding that makes an inbred
strain so useful can also result in genetic divergence between differing
substrains of the same inbred strain. This genetic divergence is often un-
accounted for in experiments, but may be a confounding factor when
comparing studies that have utilized different inbred substrains [1]. In-
bred mouse strains may contain hidden or “quiet” mutations, that
have no discernable effect, but which may be uncovered during behav-
ioral phenotyping [5,6]. Inbred strains are also subject to new mutations
and to genetic drift during breeding [5]. Careful attention is needed in
rodent colony management to prevent or limit genetic drift by
reintroducing the parental strain systematically into breeding programs.
Furthermore, variation of the environmental conditions under which
the animals are bred and reared at a specific vendor may have marked
effects on animal behavior once the rodents are used for experiments,
not to mention variabilities from University animal facility to animal fa-
cility. In addition, genetically similar mice from different commercial
vendors may exhibit differences in their gut microbiota composition,
which can exert profound variation in animal models [7,8].

When discussing strain effects on expression of seizures and
epilepsy, it is important to consider the commonly misapplied distinc-
tion of wild-type rodents [9]. Multiple studies have demonstrated
that some inbred strains of so-called wild-type mice, even if they
never show spontaneous seizures, can be much more easily induced
to have seizures than other wild-type strains. Clearly, mice are
only wild-type with respect to a specific genetic locus and according
to a specific user-defined assay for the structure or function of
that locus in a controlled laboratory environment [9]. Every “wild-
type” mouse carries multiple genetic differences (mutations or
polymorphisms) that distinguish it from mice of other strains, al-
though only some of these differences produce phenotypes that
are obvious to a scientist, and many fewer that are relevant to pheno-
types related to seizures and epilepsy. Nonetheless, a large body of
evidence has accrued to document the strong influence of genetic
variation on susceptibility to seizures or epilepsy, especially in rodent
models.

In this review, it is not possible to discuss all the innumerous studies
that have demonstrated inter- and intrastrain strain effects on expres-
sion of seizures and epilepsy in laboratory mice and rats. Rather,
we will illustrate the impact of such strain effects by reviewing a
series of experiments that were performed by our groups in the last
~25 years in a variety of models of seizures and epilepsy. Furthermore,
some important studies from other groups will be highlighted. This
review will not deal with rodent models of genetic epilepsies, such as
spontaneously occurring mutants or genetically engineered rodents
(including knockout and transgenic strains or lines) that are widely
used as models of epilepsy. Our aim is to emphasize that even in the
absence of engineered mutations, different inbred strains, and even
substrains of the same inbred strain or sublines of the same substrain,
can vary drastically in their susceptibility to induction of seizures or
epilepsy. However, these genetic differences present opportunities to
identify biological factors (i.e., genes) that are relevant to elucidating
mechanisms of seizures and epilepsy. Thus, the use of different strain
backgrounds, when studying epilepsy mutations, enhances the model-
ing of epilepsy as a complex genetic disease [10] and facilitates insight
into the pathophysiology of epilepsy and for potential treatments.
Another important issue that we will discuss is that, in addition to ge-
netic inter- and intrastrain differences in rodents, differences in housing
and handling of the animals, both at the vendor and in the laboratory,
may have amarked impact on the expression of seizures and associated
behavioral alterations. Importantly, some of these factors may have
effects that are strain-specific. Lastly, we will briefly discuss age and
sex differences in the expression of seizures and epilepsy in rodents
and how this may affect inter- and intrastrain differences, whereas we
will not discuss species (mouse vs. rat) differences that are of docu-
mented importance when interpreting data from rodent models of
seizures or epilepsy.

2. Intrastrain differences in mice and rats

As described in the introduction, genetic intrastrain differences can
occur in both outbred and inbred strains of mice and rats. Furthermore,
epigenetic differences may occur in response to the environment under
which the animals are born and raised (see Section 6).

For generating seizure or epilepsy models in rats, outbred strains
such as Wistar or SD are often used. Outbred rat strains are known to
be genetically heterogeneous populations with a high intrastrain phe-
notypic variation [2,3,11,12]. In contrast to inbred strains, outbred
strains (or stocks) are “genetically undefined” in the sense that each
animal is genetically unique and the alleles it carries are unknown
until they are analyzed [3]. Like other outbred strains, SD and Wistar
rats are randomly outbred; hence allelic variations can occur across
separate colonies. Thus, stock names such as SD or Wistar can be mis-
leading because stocks with the same name from different breeders
may have different genetic and/or phenotypic characteristics [3]. The
phenotypic characteristics of an outbred stock can change relatively
fast as a result of random genetic drift in gene frequency, selective
breeding (say for large litter size, body weight, blood pressure, etc.)
and/or genetic contamination, which may go undetected because ge-
netic quality control is rarely done [3]. As a consequence, outbred rat
strains from different vendors may have little in common with each
other besides their names and similarities in pelage [2,11]. Lack of stan-
dards and the unreliability of stock names hinder scientific reproducibil-
ity [3]. Genetic divergence between outbred subpopulations may arise
from a number of processes, including mutation, natural selection, un-
conscious selection, and random genetic drift [13]. By far themost com-
mon source of genetic divergence among outbred subpopulations is
random genetic drift, especially in small isolated populations. Genetic
drift over time, and the resultant genetic divergence between colonies,
is the inevitable result of breeding stocks and strains in isolation with-
out reintroduction of founder stocks to the breeding program. This
may also occur within the same large subsidiary of a breeder when
subpopulations of outbred rodents are maintained in different barriers
or breeding colonies over the long-term, eventually resulting in genetic
drift and genetic divergence between barriers [14]. In addition to
germline genetic differences between outbred SD or Wistar rats from
different vendors or locations of the same vendor, intrastrain differ-
ences can also be due to housing and handling conditions at the vendor
during development of the animals through presumed epigenetic mod-
ifications or early life stress effects on brain development [4,15–19].

To minimize inbreeding, Charles River Laboratories have adopted
the International Genetic Standardization (IGS) Program for SD and
Wistar rats. The aimof the IGS Program is to standardizemultiple produc-
tion colonies of these animals that are geographically separated. This in-
sures that each colony has the same range of genetic variation. This is
accomplished by monitoring heterozygosity and actively managing ge-
netic drift that both could otherwise lead to colony divergence in outbred
strains [13]. However, to our knowledge, other vendors have not adopted
similar programs in rats (Jackson Laboratory has established a Genetic
Stability Program (GSP) for mice). In any event, investigators need
to consider the issue of intrastrain differences when planning and
performing a study, and preferably use rats from the same stock and
barrier for all experiments within a study. Furthermore, intrastrain dif-
ferences may form an important bias when comparing results from
different laboratories. On the other hand, once characterized, such
differences provide a chance to study the impact of genetic and environ-
mental factors on seizure susceptibility, epileptogenesis, and the rela-
tionship between behavior and epilepsy and vice versa.

The potential problems associated with outbred stocks of rats also
apply to outbredmice [20]. However, genetic and epigenetic differences
may also occur between inbred lines of mice from different vendors or
different barriers of the same vendor, as shown by our experiments
with pilocarpine in the C57BL/6 (B6)mouse strain [21], themostwidely
used inbred mouse strain in biomedical research. There continues to be
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