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1 | INTRODUCTION

| Michael K. Collins'*

| Kenneth J. O’Riordan’

Abstract

Germ-free rodents, raised in the absence of a measurable gut microbiome, have been
a key model to study the microbiome-gut-brain axis. Germ-free mice exhibit marked
behavioural and neurochemical differences to their conventionally raised counter-
parts. It is as yet unclear how these neurochemical differences lead to the behavioural
differences. Here, we test the electrophysiological properties of hippocampal plastic-
ity in adult germ-free mice and compare them to conventionally raised counterparts.
Whilst basal synaptic efficacy and pre-synaptic short-term plasticity appear normal,
we find a striking alteration of hippocampal long-term potentiation specifically in
male germ-free slices. However, the spike output of these neurons remains normal
along with altered input-output coupling, potentially indicating homeostatic compen-
satory mechanisms, or an altered excitation/inhibition balance. To our knowledge
this is the first time the electrophysiological properties of the hippocampus have
been assessed in a microbiome deficient animal. Our data indicate that the absence

of a microbiome alters integration of dendritic signalling in the CA1 region in mice.
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are born into a sterile environment, depriving them of a
microbiome, thereby allowing us to observe how they de-

Growing evidence suggests that the commensal gut mi-
crobiota modulate our behaviours and may contribute to
certain disease processes (Cryan et al., 2019). One of the
principle animal models in the field has been the germ-free
(GF) rodent (Spichak et al., 2018). In this model, animals

velop in the absence of microbial influence, and make in-
ferences about what role the microbiome plays in normal
physiology.

GF animals have been shown to exhibit altered central
neurochemistry and behaviours (Bercik et al., 2011; Clarke

Abbreviations: aCSF, artificial cerebrospinal fluid; Conv., conventionally raised; E-S coupling, excitatory post-synaptic potential — spike coupling; fEPSP,
field excitatory post-synaptic potential; GF, germ-free; LTP, long-term potentiation; pop. Spike, population spike; PPP, paired-pulse potentiation; TBS,

theta-burst stimulation.
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et al., 2013; De Palma et al., 2015; Neufeld et al., 2011).
Both cortical and hippocampal BDNF expression has
been reported lower than normal in GF mice (Clarke
et al., 2013; Diaz Heijtz et al., 2011). GF mice exhibit an
altered transcriptional profile, combined with an increase
in immediate-early gene (Fos, Egr2, Fosb, Arc) expres-
sion in the amygdala (Hoban et al., 2018), enhanced ex-
pression of gene splicing factors and exon usage (Stilling
et al., 2018), and altered expression of genes implicated
in neurophysiology in the amygdala (Stilling et al., 2015)
and hippocampus (Chen et al., 2017). Recent evidence has
also implicated Lactobacilli in the expression of GABA
in the hippocampus (Mao et al., 2020). Hippocampal Fos
expression following a water avoidance stress paradigm
was lower in GF mice compared to colonized counterparts
(Gareau et al., 2011). Swiss-Webster GF mice also exhibit
altered hippocampal morphology with increased hippo-
campal volume (10%) and altered pyramidal neuron mor-
phology when compared to conventionally raised controls
(Luczynski et al., 2016).

Furthermore, GF mice have been shown to exhibit al-
tered anxiety-like behaviours in both the open-field and
elevated plus maze, and that this is mediated via microbial
regulation of NMDA receptors (Neufeld et al., 2011), im-
portant in brain development and neural plasticity (Bercik
et al., 2010; O'Sullivan et al., 2011; Sudo et al., 2004). GF
mice exhibit other cognitive deficits including hippocam-
pus dependent learning and memory processes (Gareau
et al., 2011; Hoban et al., 2018; Lu et al., 2018; Luk
et al., 2018; Pan et al., 2019), as well as social behaviours
(Buffington et al., 2016; Desbonnet et al., 2014; Sarkar
et al., 2020; Sgritta et al., 2019). Together, this evidence
implies that the microbiome has the potential to alter a
host's neuronal activity, either directly or indirectly.

There are limited published studies directly measuring
neuronal activity in a model of microbiome disruption, and
the functional consequence to neuronal activity has yet to
be shown. However, long-term dietary supplementation of a
lactobacillus probiotic rescued diabetes induced CA3-CAl
LTP deficits in rats (Davari et al., 2013), chronic treatment
with Lactobacillus/Bifidobacteria probiotic mix enhanced
CA3-CAl LTP in a rat model of Alzheimers’ disease and
control animals (Rezaei Asl et al., 2019), and a probiotic
mixture of Actinobacter and Bacteroidetes ameliorated age-
related LTP deficits (Distrutti et al., 2014). Furthermore,
L.reuteri restored social interaction induced plasticity in the
ventral tegmental area of a mouse model of autism, through
an oxytocin dependent mechanism (Sgritta et al., 2019).
These provide evidence that the microbiome can indeed mod-
ify functional neuronal activity.

Here, we have tested whether the absence of a microbi-
ome alters basal synaptic efficacy, and inducibility of plas-
ticity, in the adult mouse hippocampus.

2 | METHODS

21 | Animals

C57/BI16 mice, purchased from Taconic (NY, USA), were
bred either as GF (n = 14, 6 female), or conventionally raised
(n = 13, 6 female) in University College Cork. Breeding
was performed according to supplier guidelines, and we
used animals ranging from F8-F11. GF animals were housed
4-5 per cage in individually ventilated cages (area: 420cm?,
Arrowmight, UK), conventionally raised animals were raised
4-5 per cage in standard cages (area:330cm”. NKP isotech,
UK). Both had paper bedding/nesting material and were
housed in identical controlled conditions (20-21°C, 55%—
60% humidity) on a 12-hr light/dark cycle, with access ad
libitum to autoclaved chow and water. On each recording
day, one animal (8—12 weeks old) was separated into its own
cage and brought to the laboratory for use in the experiments.
Experiments were undertaken in accordance with National
and European legislation (Directive 2010/63/EU and Irish SI
No 543 of 2012).

2.2 | Slice preparation

Hippocampal slice electrophysiology is a well-used tech-
nique and our methods followed common practices (Papouin
& Haydon, 2018). Fresh artificial cerebrospinal fluid (aCSF)
was made (see below) and bubbled with carbogen (95%
0,/5% CO,) for at least 40 min prior to use, and continually
throughout recordings.

Mice were rapidly decapitated, and the brain removed
and cooled with ice cold ‘cutting’ aCSF (see protocol
below). The brain was quickly hemisected, the cerebellum
and midbrain removed, and the remaining tissue affixed to
the stage of a Leica VT1200 vibratome to enable 300 um
transverse slices of the hippocampus and attached cortex to
be cut, under ice-cold cutting aCSF. It is important to note
that GF mice exhibit altered acute stress responses and HPA
axis function (Sudo et al., 2004; Vagnerova et al., 2019). To
minimize any effect of differential stress response, all ani-
mals were left to acclimatize to the experimental room for
at least 20 min and were all observed to be in a non-stressed
state.

Slices were transferred to a chilled glass petri-dish, filled
with cutting aCSF, and the cortex were removed from the
hippocampal slices. A selection of slices spanning the central
portion of the dorso-ventral axis (approximately 1.5-2.1 mm
from dorsal end) were transferred to mesh holding wells in a
bath of standard aCSF held at 32°C for 20 min, and then at
room temperature for a further hour.

After this recovery period, slices were transferred to a
multi-electrode array (MEA) chip (Multichannel Systems,



DARCH ET AL.

Germany), perfused with aCSF. Slices were viewed under
an inverted microscope (4x magnification, Olympus IX70)
and compared for structural integrity and general slice
health. The best candidate slice was used for electrophysi-
ological testing.

2.3 | Electrophysiology recording

The slice was placed onto an MEA chip (Menigoz
et al., 2016; Shaban et al., 2017) and aligned so that a stim-
ulating electrode was located over the Schaffer collateral
path leaving the CA3, heading towards the CA1, and a re-
cording electrode was situated in the middle of the CAl
striatum radiatum (200 um ‘downstream’ of the stimulus
electrode) (O'Dell et al., 1991). The slice was held with
a nylon mesh anchor. A benefit of using an MEA chip is
that it allowed for an additional recording electrode to be
sited in the striatum oriens, to record the somatic popula-
tion spike of the stimulated neurons.

Perfusion rates of the aCSF (heated to 31-32°C) were
2.5 ml/min in, 4 ml/min out, which optimally maintained
fluid volume while minimizing turbulent flow forces.

After testing the presence of field excitatory post-synaptic
potential (fEPSP) responses with a small bipolar current (10—
20 pA), the slice was left to recover in the MEA chip for
another hour.

Once fEPSP slope measurements were stable (+15%) for
approximately 15 min (typically 1-hr after placement), an
input/output curve was computed by increasing the stimula-
tion current from 1 pA to 100 pA and measuring the slopes
of the resultant fEPSPs, taking an average of three sequential
stimulation ramps. All subsequent stimulation was performed
at an intensity eliciting approximately 40% of the maximum
response of each slice. Subsequently, a test of short-term syn-
aptic plasticity was performed with a paired-pulse stimula-
tion protocol (PPP). Inter-pulse intervals were; 25, 50, 75,
100, 150 and 200 ms. A 30 s interval between each of these
paired pulse events was maintained, and this train of 6 paired
pulses was repeated three times.

Once both input/output, and PPP tests were performed,
the slice was again stimulated using single bipolar pulses
every 30s. After a minimum period of 30 min in which the
fEPSP slope did not exceed + 15% of itself (defined here to
be the baseline period), the Schaffer collateral pathway was
stimulated with a theta burst (TBS) protocol to induce long-
term potentiation (LTP). Each TBS consisted of four 100Hz
pulses, repeated 10 times at SHz. Three theta bursts (3xTBS)
were delivered with an inter-burst interval of 30 s. After this
induction protocol, the stimulator reverted back to a single
pulse every 30 s as in baseline.

All stimulation protocols were designed in MCStimulusII
(Multichannel Systems, Germany) and played during
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recordings via MCRack (Multichannel Systems, Germany)
software.

2.4 | aCSF content
The aCSF was made up of (in mM): NaCl (124), KCI (2.7),
NaH2PO4 (1.25), CaCl, (2), MgSO, (1.3), D-Glucose (18)
and Ascorbic acid (2).

Cutting aCSF was made up of the same aCSF, with excess
MgSO, (8.3 mM).

2.5 | Data analysis and statistical methods
Data files were converted to ‘.abf” files and the slope (cap-
turing 80%—90% of the inward current slope) of fEPSPs
was extracted using semi-automated procedures within
Clampfit software. To extract the amplitude of the popula-
tion spike, we subtracted the trough of the spike from an
average of the adjacent peaks. For input/output relation-
ships and PPP, the average of three responses at each stim-
ulus intensity/interval was used. For the test of LTP, data
values of fEPSP slopes were expressed as a percentage of
the average of the baseline period fEPSPs (30 min prior to
TBS), and an average of 10 min (20 stimuli) were used for
statistical analysis.

Parametric tests were utilised for all statistical analyses
after appropriate checks for data normality. Specific test de-
tails are given in the results. Individual slices (each originat-
ing from an individual animal) were treated as subjects, sex
and GF status of the donor animals was treated as fixed fac-
tors. Data originating from individual slices were treated as
repeated measures (e.g. pre and post TBS data).

3 | RESULTS
3.1 | Germ-free mice display normal basal
synaptic excitability

To test basal synaptic efficacy of GF hippocampal slices,
we computed ‘input-output’ characteristics of the fibre vol-
ley and resultant fEPSP at a variety of stimulus intensities
(Figure 1b and c). We summarized each slice's data by calcu-
lating the linear slope of this relationship (Kim et al., 2005;
Woo et al., 2005). ANOVA revealed no significant differ-
ence between GF and Conv groups (F 3 = 1.326, p = .261),
and no interaction between GF status and sex (F] 53 = 0.644,
p = .431). Nor was there a main effect of sex (£} ,3 = 0.004,
p = .953). This suggests that GF and Conv slices exhibit
the same basal synaptic excitability, although Figure 1d re-
veals that male GF slices had a tendency for lower values
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(indicating smaller fEPSP responses for the same fibre volley
stimulus).

3.2 | Germ-free mice display normal
pre-synaptic function

If two excitatory stimuli occur within a short space of time
of each other, the second post-synaptic response, in conven-
tional animals and under normal conditions, will be enhanced
(Creager et al., 1980). This short-term facilitation is a result of
pre-synaptic mechanisms leading to an increase in the amount
of neurotransmitter release (Jackman & Regehr, 2017).

To establish whether GF hippocampal slices exhibited nor-
mal pre-synaptic function, we tested GF short-term plasticity
using paired-pulse stimulus protocols. Slices from both GF
and conventionally raised animals exhibited paired-pulse fa-
cilitation with inter-pulse intervals spanning 25-200 ms, with
maximal facilitation of around 150% at an inter-pulse interval
of 50 ms (Figure le), similar to that reported previously in the
literature (Chong et al., 2011; Menigoz et al., 2016; Rohan

et al., 2015). Mixed model analysis found no significant in-
teraction between the sex and GF status (F 96776 = 3.307,
p = .072), or main effects of either sex (F)g5776 = 1.392,
p = .241), or GF status (F 95776 = 0.000, p = .995).

3.3 | Germ-free males exhibit reduced
Long-Term Potentiation after Theta-Burst
Stimulation

After a minimum 30-min baseline recording period, LTP was
induced using three trains of theta-burst stimulation (3xTBS).
In conventionally raised animals, this led to a rapid potentia-
tion of fEPSPs that lasted for 2 hr (males: mean = 153.0%
SEM 8.5, females: mean = 138.6% SEM 5.4). Female GF
slices matched this potentiation (mean = 140.9% SEM 5.4).
Conversely, slices from male GF mice showed no immediate
potentiation, with a slow upward trend for the duration of the
recording, finishing at a mean of 125.7% SEM 7.9 (Figure 2).

Mixed-model significant 3-
way interaction between Time, Sex and GF status

analysis revealed a
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FIGURE 2 (a) Timeline of normalised CA1 fEPSP slopes for
conventionally raised (dark shading) and germ-free (light shading)
mice. Female (red) germ-free slices exhibited normal potentiation
at 2 hr post LTP induction. Male (blue) germ-free slices exhibited
a markedly decreased potentiation, that remained up to 2 hr post
induction. Representative traces at both pre (dashed lines) and post
(solid lines) LTP induction for each group. Scale bar is 1 mV X 10 ms.
(b) Bar chart summarising pre and 2 hr post LTP induction fEPSP
responses. Error bars represent standard error of the mean. Male
Nconvigr = 7/8, Female N¢,/6r = 6/6. *Mixed model p = .035.
***Mixed model p < .005

(F»358.163 = 5.002, p = .012). Subsequent analyses on each
sex independently revealed no significant interaction be-
tween GF status and Time (F, 5669 = 0.476, p = .628),
nor main effect of GF status (F| 17733 = 0.162, p = .692),
leaving only the main effect of Time (F, 50460 = 86.924,
p < .0005) in female slices. Bonferroni corrected pairwise
comparisons revealed that pre-TBS data were significantly
different from both 1-hr (p < .0005) and 2-hr time points
(p < .0005).

Conversely, for male slices, there was a significant in-
teraction between GF status and time (F,g.193 = 16.371,
p < .0005), suggesting GF status impacts LTP processes in
male slices. Subsequent ANOVA found significant differ-
ences between GF and Conv. slices at both 1-hr (p < .0005)
and 2-hr time points (p = .035).
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3.4 | Theta-Burst stimulation
induces normal potentiation of somatic
responses in germ-free mice

With the advantages of multiple recording sites with the
MEA system, we were able to concurrently record the
population spike responses to TBS (Figure 3a). In both
groups, TBS led to sustained potentiation of pop. spike
amplitude for 2-hr post induction (Conv.: Mean .=
236.5% SEM 37.7, Meang . = 275.4% SEM 31.8, GF:
Mean,,,..=230.9% SEM 31.3, Meang,. = 227.3% SEM
23.7).

Mixed model analysis revealed no significant 3-way
or 2-way interactions, and only a main effect of Time
(Fy40211 = 71.787, p < .0005). Bonferroni corrected pair-
wise comparison showed significant differences between
pre-TBS and both 1-hr (p < .0005) and 2-hr (p < .0005) post-
TBS. Together, this shows that population spike potentiation
in response to 3xTBS is comparable between GF and Conv.
groups.

3.5 | GF slices exhibit altered E-S coupling
The stark contrast between the effects of TBS on the
dendritic and somatic responses in GF slices suggested a
difference in the E-S coupling relationship between con-
ventionally raised and GF mice. After TBS stimulation,
both conventional and GF slices exhibit an increase in
the E-S coupling ratio (here representing an increase in
pop. spike amplitude for a given fEPSP response) that is
maintained for the duration of the recordings (Figure 3c).
Notably, GF slices appear to have a greater E-S ratio both
before and after LTP induction, with male slices exhibit-
ing the greatest differences to conventional slices (Mean
difference = 0.832 mV/(mV/ms)).

Mixed model analysis revealed no significant 3-way or
2-way interactions, but significant main effects of GF status
(F) 68466 = 15.419, p < .0005), and time (F; 45003 = 5.446,
p =.008).

In summary, GF slices exhibited a greater E-S ratio than
Conv. slices, and this difference was not markedly altered by
the effect of TBS.

4 | DISCUSSION

In the brain, activity-dependent modification of synapses has
long been regarded as the brain's principal mechanism of as-
similating transient experiences into perseverant memory en-
grams (Bliss & Lomo, 1973; Josselyn & Tonegawa, 2020),
where an activity-dependent persistent strengthening of
synaptic efficacy can be described as long-term potentiation
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(a) Timeline of normalised CA1 pop. spike amplitudes for conventionally raised (dark shading) and germ-free (light shading)

mice. Germ-free slices exhibited normal potentiation compared to conventionally raised slices. Representative traces at both pre (dashed lines) and

post (solid lines) LTP induction for each group. Scale bar is 1 mV X 10 ms. (b) Bar chart summarising pre and 2 hr post LTP induction pop. spike

responses. (¢) Timeline of CA1 E-S coupling for conventionally raised (dark shading) and germ-free (light shading) mice. Both male and female

germ-free slices exhibited markedly increased E-S coupling both pre and post LTP induction. (d) Bar chart summarising pre and 2 hr post LTP

induction E-S coupling. Error bars represent standard error of the mean. Male N¢,,,/gr = 7/8, Female N¢,,,gr = 6/6. ***Mixed model p < .0005.

**Mixed model p = .008

(LTP) (Madison et al., 1991). Here, we show that the micro-
biome may play an important role in the expression of these
processes.

In the unidirectional tri-synaptic excitatory pathway of
the rodent hippocampus, any significant enhancement in
synaptic activity lasting at least one hour post-tetanus is un-
derstood to be LTP (Nicoll, 2017). Therefore, LTP has been
used as a reliable indicator of healthy brain function, and its
impairment has been seen in rodent models of neurodegen-
erative disease. Deficits in LTP have been seen accompany-
ing cognitive dysfunction (Li et al., 2015; Lin et al., 2014;
Wiescholleck & Manahan-Vaughan, 2013), and it is regarded
as a reliable, functional readout for neurophysiological pro-
cesses. Indeed, neuronal synaptic plasticity is particularly
vulnerable to disruption by factors that alter cognition in psy-
chiatric and neurological disease, including those that alter
synaptogenesis (Bednarek & Caroni, 2011), axonal sprout-
ing or pruning, and dendritic remodelling (Selemon, 2013;
Ziv & Brenner, 2018), as well as neurogenesis (Ganguly &
Poo, 2013), many of which have been shown to be influenced
by gut-microbiota (Cryan et al., 2019). Furthermore, the hip-
pocampus is highly responsive to glucocorticoids (Lupien
et al., 2005), and it has been shown that hormone interaction
with CA1 receptors in the hippocampus leads to a variety

of different cellular responses, including changes in synaptic
function, including neuronal injury (Chen et al., 2006).

GF animals have been utilized in examining the involve-
ment of the microbiota in central synaptic plasticity, and here,
we show that the absence of a microbiome significantly alters
fundamental hippocampal neuronal plasticity processes. This
fits with the evidence that GF animals exhibit altered molec-
ular chemistry, morphology of the hippocampus as well as an
altered behavioural phenotype associated with hippocampal
activity (Gareau et al., 2011; Luczynski et al., 2016).

Specifically, the GF mice tested here appear to have
normal ability to produce fEPSPs, and short-term potenti-
ation (Figure 1), although male GF slices appear to have a
small (nonsignificant) trend for lowered basal excitability
(Figure 1d). However, testing post-synaptic LTP mechanisms
(with 3xTBS) reveals a sex-dependent functional shift, with
males showing greater deficits than females (Figure 2). Sex-
specific impacts of the gut microbiome have been reported,
however, there is no clear consensus with heterogeneous re-
sults possibly resulting from strain specificity of both micro-
biome and host (reviewed in Jaggar et al., 2020).

Whilst we have not investigated the molecular mechanisms
underpinning this phenomenon, it is plausible that the al-
tered genetic/transcriptional profile of immediate early genes
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(Gareau et al., 2011) leads to a block of the dendritic potenti-
ation signals. Additionally, a recent study has shown that mi-
crobial metabolites can translocate from the gut to the brain
during early developmental periods (Swann et al., 2020).
Interestingly, this included imidazole propionate, which acti-
vates mammalian target of rapamycin complex 1 (mMTORC1),
which is known to be involved in hippocampal LTP (Hoeffer
& Klann, 2010). Furthermore, altered inflammatory signal-
ling, widely implicated as a route of gut-brain interaction,
has been shown to reduce hippocampal long-term potentia-
tion via an interleukin-1 receptor dependent pathway (York
et al., 2021).

When examining the spiking output from the CAl area
we find a normal potentiation of the pop. spike in response
to 3xTBS in both male and female GF slices (Figure 3a).
Moreover, when examining the input—output relationship be-
tween the dendritic fEPSP and somatic pop. spike (E-S cou-
pling), we find that GF slices (both male and female) exhibit
a significantly enhanced coupling (Figure 3b). This could
suggest homeostatic mechanisms in the somatic integration
of dendritic signals (E-S coupling) acting to rescue the func-
tional deficits observed at the dendritic regions. Overall, this
compensation may mask more severe microbiome driven in-
fluences, resulting in the milder behavioural phenotypes.

Whilst E-S coupling is a relatively understudied facet of
neuronal plasticity, it is believed that it may be driven by a
mixture of intrinsic factors as well as the excitation/inhibition
balance, with one study suggesting around 40% of E-S cou-
pling in hippocampus CA1 was driven by cell intrinsic factors
(Daoudal et al., 2002). Interestingly, GF mice have previously
been suggested to have a disrupted excitatory/inhibitory bal-
ance. This is supported by the finding that GF mice exhibit
a reduced concentration of GABA in the hippocampus com-
pared to specific-pathogen free mice (Kawase et al., 2017),
and colonization of GF mice with Lactobacillus probiotics
leads to increased GABAergic cells in the hippocampus (Mao
et al., 2020). Disruption of the inhibitory/excitatory balance
is thought to underpin many physiological disorders, in-
cluding epilepsy. GF mice have not, to our knowledge, been
reported to exhibit an epileptic phenotype, however, the mi-
crobiome has been implicated in disruption of the excitatory/
inhibitory balance. Specifically, whilst a ketogenic diet was
able to confer protective effects against a 6Hz electrical stim-
ulation epilepsy paradigm, GF mice did not benefit from the
same diet, but the protection was restored when supplemen-
tation of Akkermansia and Parabacteroides was given (Olson
et al., 2018). This microbiome derived protection has been
attributed to elevation of GABA inhibition (Dahlin & Prast-
Nielsen, 2019). The morphological differences in hippocam-
pal pyramidal neurons of GF mice (Luczynski et al., 2016)
also suggests an immaturity of the glutamatergic synapses,
which would most likely alter the inhibitory/excitatory bal-
ance of the network. Furthermore, microbiome/dietary based
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interventions have been proposed as an interesting approach
to address epilepsy (De Caro et al., 2019).

GF mice often display altered measures of motor be-
haviour, as well as social interaction/cognition (reviewed in
Spichak et al., 2018). Experience is well-known to modulate
hippocampal plasticity processes. Whilst housing conditions
between the Conv. and GF animals in this study were identical
as far as possible, it is possible that the differences observed
in our study are as a result of altered social experiences/in-
teractions of the animals (driven by GF status) rather than
as a direct result of any microbiome metabolite or signalling
process. Further experiments will be needed to disentangle
these possibilities.

Although translation of our findings to the human set-
ting is not yet possible, there are still clear differences in
the functional properties of the hippocampal circuit in vitro,
supporting the idea that neurochemical and morphological
alterations found in GF mice lead to altered functional ac-
tivity. Further examination will be important to characterize
changes in electrophysiological properties of circuits from
animals with perturbed gut-microbiomes. Some principal
questions that arise from this study are: Can hippocampal
properties be altered with antibiotic knockdown of the micro-
biome? Are differences observed earlier in the lifespan? Are
other forms of plasticity (i.e. long-term depression) influ-
enced by the microbiota? Can these effects be reversed with
pre/probiotic administration?

We conclude that the absence of a gut-microbiome leads
to a selective alteration of dendritic LTP mechanisms, with
males more severely affected, which may be compensated for
by an E-S coupling driven hyperexcitability. This functional
effect of hippocampal activity is likely to be important in the
behavioural phenotype of GF animals and further implicates
the microbiome in molecular memory processes.
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