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SUMMARY

There has been growing interest in the role of intestinal microbiome in brain disorders.

We examined whether dysbiosis can predispose to epilepsy. The study was performed

in female and male Sprague-Dawley rats. To induce dysbiosis, the rats were subjected

to chronic restraint stress (two 2-h long sessions per day, over 2 weeks). Cecal content

from stressed and sham-stressed donors was transplanted via oral gavage to recipients,

in which commensal microbiota had been depleted by the antibiotics. The study

included the following groups: (1) Sham stress, no microbiota transplant; (2) Stress, no

microbiota transplant; (3) Sham-stressed recipients transplanted with microbiota from

sham-stressed donors; (4) Stressed recipients transplanted with microbiota from

sham-stressed donors; (5) Sham-stressed recipients transplanted with microbiota from

stressed donors; and (6) Stressed recipients transplanted with microbiota from

stressed donors. After microbiota transplant, all animals were subjected to kindling of

the basolateral amygdala. Both chronic stress and microbiome transplanted from

stressed to sham-stressed subjects accelerated the progression and prolonged the

duration of kindled seizures. Microbiome from sham-stressed animals transplanted to

chronically stressed rats, counteracted proepileptic effects of restraint stress. These

findings directly implicate perturbations in the gut microbiome, particularly those

associated with chronic stress, in the increased susceptibility to epilepsy.
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There has been increasing interest in the role of gut micro-
biome in health and disease. The concept of the dysregula-
tion of the gut-brain axis implicates intestinal microbiota in
depression, anxiety,1 schizophrenia,2 Alzheimer disease,3

autism,4 and Parkinson’s disease.5 At the same time, explo-
rations of the connection between dysbiosis and epilepsy

remain limited, mostly focusing on microbiome as a target
for ketogenic diet.6,7 Whether perturbations in gut micro-
biome can be linked directly to the epileptic process has not
been studied, even though the nature of these perturbations
suggests their relevance to epilepsy. Examples include dys-
regulation of epilepsy-relevant bioactive peptides (eg, gala-
nin and neuropeptide Y),8,9 vagal afferents10 (which may
provide a link to anticonvulsant effects of vagus nerve stim-
ulation), stress hormone axis,11 as well as inflammation.12

Stress leads to complex changes in the composition of
intestinal microbiota (eg, increased or decreased Bac-
teroides, increased Clostridiales, and decreased Bifidobac-
terium and Lactobacillales).13–15 Furthermore, stress
increases intestinal permeability, which in turn “permits a
microbiota-driven proinflammatory state with implications
for neuroinflammation,”12 including activation of circulat-
ing and brain inflammatory cytokines, microglia, and
increased blood-brain barrier permeability.12 At the same
time, proepileptic properties of inflammation have been
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well established. Preexisting inflammation facilitates
epileptogenesis, and conversely, epilepsy triggers inflam-
matory cascades, which in many respects are similar to the
consequences of dysbiosis (including the above-cited
events) and contribute to the progression of disease.16,17

The dysregulation of the hypothalamus-pituitary-adreno-
cortical axis (HPA-A), which is a hallmark of chronic stress,
is associated with epilepsy and facilitates the epileptic pro-
cess.18–21 There exists bidirectional connection between
chronic stress and inflammation, whereby stress activates
inflammatory responses, and conversely inflammation
induces HPA-A dysregulation.22

These observations prompted us to examine whether dys-
biosis may be contributing to epileptogenesis. The study
was designed based on observations that chronic restraint
stress triggers dysbiosis,23 and facilitates kindling epilepto-
genesis.24 We examined the effects of microbiota trans-
plants from stressed to naive rats, and vice versa, using the
kindling paradigm.

Methods
Subjects

Female and male Sprague-Dawley rats (Charles River,
Wilmington, MA), 45 days old at the beginning of the
study, were maintained on a 12 h light/dark cycle (Zeitge-
ber time [Z] 0 = 7:00), with food and water ad libitum. Pro-
cedures complied with policies of the National Institutes of
Health and the University of California. Experiments were
performed in a blinded randomized (with the exception of
factoring sex in all groups) fashion.

The study included 6 groups, each consisting of 6 rats
(3 of each sex): (1) Sham stress, no microbiota transplant;
(2) Stress, no microbiota transplant; (3) Sham-stressed
recipients transplanted with microbiota from sham-
stressed donors; (4) Stressed recipients transplanted with
microbiota from sham-stressed donors; (5) Sham-stressed
recipients transplanted with microbiota from stressed
donors; (6) Stressed recipients transplanted with micro-
biota from stressed donors (Figure 1A). After microbiota
transplantations, all animals of all groups were subjected
to kindling.

Restraint stress
The procedure (adapted from23,24) was the same for

microbiota donors and groups (2), (4), and (6). Rats were
placed in plastic restraining cones (Braintree Scientific Inc,
Braintree, MA) for 2 h (Z5:00-Z7:00), at room temperature,
over 14 days. Sham procedure consisted of 5 min handling
between Z5:00 and Z7:00.

Preparation of microbiota
Eight donors were assigned randomly along sex lines to

stress and sham stress groups (2 of each sex in each group).
Donors were housed in pairs, sex-matched, and provided

with regular food and tap water. One day after the last
restraint/sham stress session, the animals were euthanized
with pentobarbital, cecal content was dissected, and com-
bined so that one pool contained samples from all stressed
animals, and the other pool from all sham-stressed rats.
Pooled samples were aliquoted at 0.5 g and stored at
�80°C.25,26

Transplantation of microbiota
Recipients (groups 3-6) were housed singly, with steril-

ized cages, bedding, food, and autoclaved water, replaced
every other day. The rats were randomly divided in 2
groups—stress and sham stress. During the days of stress/
sham stress, every 12 h the animals were receiving via oral
gavage antibiotic cocktail: vancomycin (5 mg/ml), neomy-
cin, (10 mg/ml), metronidazole (10 mg/ml), amphotericin-
B (0.1 mg/ml); and drinking water contained ampicillin
(1 g/l). The treatment reduces bacterial DNA load 400-
fold without affecting general health.27 During the last

Figure 1.

Experimental design and baseline afterdischarge properties. (A)

Directions of microbiome transplants by types of donors and

recipients. (B) Baseline afterdischarge properties. D, microbiota

donors; R, microbiota recipients. Afterdischarge threshold (ADT).

Stress-microbiome interaction F(2, 30) = 0.3, p > 0.1; effects of

stress F(1, 30) = 0.3, p > 0.1; effects of microbiome F(2, 30) = 1.4,

p > 0.1. Afterdischarge duration (ADD). Stress microbiome inter-

action F(2, 30) = 0.05, p > 0.1. Effects of stress F(1, 30) = 10.2,

p < 0.01; effects of microbiome F(2, 30) = 0.3, p > 0.1. No inter-

group differences were observed. Data are shown as mean � SD

percent vs mean of controls (actual numbers were used for statisti-

cal analysis). 2-way ANOVA, post hoc Tukey.
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3 days of antibiotic administration, rats received omepra-
zole via oral gavage (50 mg/kg, once a day), to increase
microbiota passage through the stomach.28 For microbiota
transplants, stressed and control recipients were further
randomized for receiving microbiota from stressed and
control donors. One day after antibiotics and stress/sham
stress were discontinued, microbiota was transplanted via
oral gavage, as 2 ml of anaerobic phosphate buffered sal-
ine (PBS)–reconstituted (1:10) cecal content, every second
day, 3 times.25

Groups (1) and (2)
Rats were singly housed but provided with regular food

and tap water. Tap water was given via oral gavage as a con-
trol for antibiotic and microbiota administration.

Kindling
Surgery was performed during the days between the

microbiota transplants. Under isoflurane anesthesia, a bipo-
lar stimulating electrode (Plastics One, Roanoke, VA) was
implanted into the basolateral amygdala (BLA; mm from
Bregma: AP = �2.5, L = 4.8, V = 8.5); tripolar recording
electrode (Plastics One), had active leads connected to
skull screws placed over left primary motor cortex
(AP = +3.0, L/R = 2.529), and reference lead connected to
a screw placed in the nasal bone. After 1-week recovery,
the afterdischarge threshold (ADT) and afterdischarge
duration (ADD) were determined. The animal was con-
nected via a swivel (Plastics One) to DS8000 digital stimu-
lator/DSL100 isolating unit (World Precision Instruments,
Sarasota, FL) and MP100/EEG100 acquisition system
(BIOPAC, Santa Barbara, CA). Stimuli were delivered to
BLA (10 s train, 20 Hz, 1 msec pulse, square wave
monophasic, starting from 0.1 mA, with 0.1 mA incre-
ments, max 1.0 mA, every 10 min), with simultaneous
acquisition of electrographic responses using AcqKnowl-
edge 3.7 software (BIOPAC). Kindling started on the next
day and consisted of stimuli applied at ADT, 3 times a day,
around Z2:00, Z6:00, and Z10:00, over 7 days.30 Behav-
ioral seizures were video-recorded for the blinded off-line
analysis using the Racine scale.31 The animal was consid-
ered kindled when it presented with stage 4–5 seizures (ie,
rearing, with or without falling) in response to 3 consecu-
tive stimulations. Two parameters were calculated: the
number of stimulations required for the animal to develop
the first of 3 consecutive stage 4 seizures, and the average
duration of electrographic correlates of stage 4 seizures.

Data analysis
All data passed the Shapiro-Wilk normality test

(p > 0.05). Data were compared using 2-way analysis of
variance (ANOVA) with post hoc Tukey test. Postexperi-
ment power was estimated following the comparison of 2
unpaired means design with alpha = 0.05 (2-tailed). Data
are cited in the figure legend. The analysis was performed

using Prism 6 (2-way ANOVA) and StatMate2 (Power anal-
ysis) software (GraphPad, San Diego, CA).

Results
Baseline afterdischarge properties

In sham-stressed, nontransplanted animals, mean � s-
tandard deviation (SD) baseline ADT was 583 � 147.2 lA
and ADD was 17.3 � 5.2 s (Figure 1B). There was no
interaction between stress and microbiome transplants for
both ADT and ADD. No significant effect of stress on ADT
was detected; however, stress significantly prolonged ADD,
even though post hoc analysis revealed no differences
among the groups.

Kindling progression
There was significant interaction between stress and

microbiome transplants, thus suggesting that effects of
microbiome occurred only in the context of chronic stress;
both stress and microbiome transplantation significantly
affected kindling rate (Figure 2A). Chronic stress alone (a-
b), as well as the transplantation of microbiota from stressed
donors to sham-stressed recipients (a–e) accelerated kin-
dling. In the stressed recipients transplanted with microbiota
from sham-stressed donors, kindling progressed slower than
in the stressed nontransplanted stressed subjects (b–d), and
was comparable to that in sham-stressed, nontransplanted
rats (a–d). No effects of microbiota on kindling were
observed for the transplants performed along the stress pro-
cedure lines (ie, microbiota from sham-stressed donors
transplanted to sham-stressed recipients, a-c, and from
stressed donors to stressed recipients, b–f).

Duration of kindled seizures
There was no interaction between stress and microbiome

transplants; both stress and microbiome transplantation sig-
nificantly affected seizure duration (Figure 2B). In the
stressed nontransplanted animals, seizures lasted signifi-
cantly longer than in sham-stressed nontransplanted sub-
jects (a-b). The proconvulsant effect of stress was prevented
by the transplantation of microbiota from sham-stressed
donors (b–d; a–d). The transplantation of microbiota from
the stressed donors to sham-stressed rats, increased seizure
duration in a manner similar to stress itself (a–e; b–e). No
effects of microbiota on seizure duration were observed for
the transplants performed along the stress procedure lines
(a–c, b–f).

Comparison of the effects of stress and microbiota trans-
plants on kindling parameters revealed that the effects were
congruent with one exception: while there were no differ-
ences in seizure duration between sham-stressed recipients
receiving “stressed” microbiome and stressed recipients
receiving microbiota from sham-stressed donors (Figure 2B
d-e), there was significant difference in kindling rate
between these 2 groups (Figure 2A, d-e).
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Discussion
Main findings: (1) transplant of intestinal microbiota

from chronically stressed to naive (sham-stressed) rats
accelerated kindling and increased the duration of kindled
seizures; (2) transplant of microbiota from naive to stressed
animals counteracted the proepileptic effects of stress.

We corroborated the report that restraint stress acceler-
ated the progression and increased the duration of kindled

seizures.24 In addition, congruently with the cited report, we
observed no effects of stress on baseline ADT; however, the
prolonged ADD in the stressed animals was detected, thus
suggesting that stress did increase brain excitability. Micro-
biome transplant, notwithstanding its type, did not influence
baseline afterdischarge properties.

The findings suggest an important role of dysbiosis in
mediating the proepileptic effects of stress. This is evident
from the effects of “stressed”microbiome, which mimicked
the effects of stress itself, and from the counteracting
proepileptic effects of stress by normal microbiome trans-
planted to the stressed subjects.

Chronic stress as a trigger of dysbiosis is relevant to epi-
lepsy from the comorbidity perspective. Stress is a critical
component of depressive disorder,32 and the latter is a com-
mon comorbidity of epilepsy.33 Considering that dysbiosis
may play role in mechanisms of depressive disorder,1 it is
plausible that the stress-induced microbiome reshaping may
be a factor linking epilepsy and depression.

The role of dysbiosis in epilepsy may go beyond chronic
stress. For example, maladaptive changes in microbiome
stemming from other causes, such as traumatic brain
injury,34,35 natural biodiversity, or dietary specifics are all
worth investigating as factors predisposing to epilepsy.
Another potential application of our findings is use of
microbiome as an early biomarker of epilepsy.

Being of the early, proof-of-principle nature, the study
has several limitations. We performed microbiome
sequencing in neither donors nor recipients. This assay is
important to confirm objectively microbiome changes after
stress and microbiome transplants, and from a mechanistic
perspective. We did not investigate consequences of the
stress-induced dysbiosis predisposing to epilepsy, which, as
noted in the Introduction, may include the examination of
central and peripheral inflammation, dysregulation of vagal
afferents, epilepsy-relevant bioactive peptides, as well as
metabolomic analysis.36 Statistically, the experiments were
not powered for sex, whereby the data from female and male
subjects were pooled (although, there was no signal that the
outcomes were sex-dependent).

Nevertheless, even with these limitations in mind, the
observed effects are sufficiently compelling. The approach,
which employed multidirectional transplants between
stressed and nonstressed donors and recipients revealed sig-
nificant dissociations among the groups, and effectively
eliminated other contributing factors. We felt that it would
be important to share these observations, as this could stim-
ulate further studies of this subject, in terms of both valida-
tion and mechanisms.
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