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Abstract

of neurons to the stimulation. It has been reported that metformin can induce the postsynaptic clustering of gamma-aminobutyric acid

The dynamic balance of excitation and inhibition systems in the cerebral cortex determine the response characteristics

(GABA) receptors and enhance inhibition in the nervous system. Here we explore the regulatory effect of metformin on the balance
of the excitatory and the inhibitory system of the primary visual cortex, and its potential to improve visual function in mice. Adult
male mice were treated with metformin (metformin group) and normal saline (control group) for 3 weeks of intragastril
administration. We found that metformin can significantly increase the production of vesicle GABA transporter (VGAT) and
postsynaptic inhibitory receptor-related protein (Gephyrin). Furthermore, it significantly reduced the expression of postsynaptic
excitatory receptors GluAl and GIluN1. The data also demonstrated that the multichannel electrode recording shows that Baseline
Response and Maximum Response of the primary visual cortex were significantly decreased, while under the treatment of metformin
the signal-to-noise ratio, directional and orientation bias were significantly increased. Our finding reveals that metformin could

reduce the excitation synapse, enhance the inhibition synapse, and adjust the balance of excitation-inhibition of the primary visual

cortex, thus improving information processing ability and enhancing visual function.
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Metformin (N, N-dimethylbiguanide) is a widely
used clinical drug with numerous benefits, especially
for diabetes!"). In addition to its antidiabetic potential,
metformin has been proved that it can cross the blood-
brain barrier with specific effects on the central
nervous system (CNS)2-3), Metformin, a potent AMPK
(AMP-activated protein kinase) activator, has been
found to play a neuroprotective role in cerebral
cortical cells by inhibiting apoptosis*!. Furthermore, it
has been reported that metformin can enhance the
formation of spatial memory by promoting
neurogenesist®>¢, While, some studies presented that
the long-term treatment of metformin can improve the
healthy life span and life span of the mice with
Huntington disease!’®l. Thus metformin has become
an effective drug candidate for the treatment of many

central nervous system diseases. However, the

metformin, primary visual cortex, multi-channel electrode, excitation system, inhibition system

mechanisms of metformin on central nervous system
are mostly unknown. Recently, it was proposed that
metformin can enhance the ability of postsynaptic
neurons to receive transmitters via accelerating or
promoting the transport of intracellular GABAA
receptors to the plasma membranel®. Thus the
literature suggested that metformin may protect the
nervous system by affecting the neurotransmitter
system. Considering these facts, the primary objective
of the present study was to evaluate the adjustment
ability of metformin with respect to the balance of
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excitatory and inhibitory of primary visual cortex and
improving visual function.

Primary visual cortex exists in all mammalian
cortex, and currently, is one of the most studied and
clearest cortex. In the primary visual cortex, inhibition
is considered to provide a balance against excitement,
which maintains the nervous system in a certain
statel10-11],
recording of visual cortex show that the “diversity”

dynamic  equilibrium Extracellular
combination of inhibition and excitation affects the
peak response of neurons to different stimuli''?!, and
the information processing process in the visual
cortex!'*14 Besides this, the decline of inhibition
system or enhancement of excitation systems will
destroy the balance between excitation and inhibition,
which will lead to the increment of the neuron fire
level, decrement of signal-to-noise ratio, and weaken
information processing ability!''>-1%, Hence the drug
with  benefits
regulating effect will be a major breakthrough in the

of having neuroprotective and/or

visual improvement.

This based on the
recommended dose of metformin for a human
(2 000 mg/d) which is equivalent to 20 mg/kg/d.
While the commonly used dose of metformin in mice
is about 250 mg/kg/d"'7"¥1. To determine the effect of
metformin on proteins related to the excitation and

study s maximum

inhibition system of the primary visual cortex,
Western blotting was carried out. We mainly analyzed
the proteins related to inhibitory synapses, vesicle
GABA transporter (VGAT) and postsynaptic
inhibitory receptor-related protein (Gephyrin); and the
proteins related to excitatory synapses, excitatory
receptors (GluA1,GIuN1), postsynaptic dense protein
(PSD95) and neurotransmitter release related protein
(HSP90). In addition, the neuron fire was assessed by
determining the baseline response and maximum
response levels, the information processing ability
was evaluated by signal-to-noise ratio(SNR), while
the neuron tuning characteristics was measured by
determining directional and orientation bias (DB, OB).

1 Materials and methods

1.1 Animal

16 C57BL6 mice were used in this experiment
(control group n=6; metformin group n=10), age of
7 weeks. Mice were treated with metformin
(250 mg/kg, D150959 Sigma-Aldrich, dissolved with

0.3 ml normal saline) by repeated
administration for 3 weeks (control group: 0.3 ml

250 mg/kg/d

intragastric

normal saline; metformin group:
metformin).
1.2 Electrophysiological recording

The experimental stimulus was written by
Matlab, which was assisted by the psychophysics
extension toolkit and video toolkit. The experimental
stimuli were displayed on a CRT monitor by with
garmma value corrected nonlinear function (1 024x
768 pixel, 100 Hz, G220, Sony, Japan). During the
experiment, the average brightness of the computer
screen was set as 26 c¢d/m? and contrast was set at
100%. The screen was 33 cm away from the eyeball.
Initially, the position and size of the receptive field of
the target cells were determined. This step was
realized by the control system, which displayed a
series of experimental stimuli on the monitor. These
experimental stimuli represent the cell response with
the help of moving sinusoidal grating as a stimulus to
detect direction and orientation tuning ability. It
contains 13 directional stimuli (0, 30, 60, 90, 120,
150, 180, 210, 240, 270, 300, 330, 360) and blank
control, 10 try cycles, and one blank stimulus were
presented randomly in each cycle. There was a time
interval of 5 s between different stimuli, to record the
self-fire level of neurons and prevent the cell from
adapting. The extracellular electrical signal was firstly
filtered by an amplifier (DAGAN, Mineapolis, MN,
USA) and then amplified 10 000 times. After that, the
amplified passes
discriminator (Winston Electronics,

signal through a window
StLouis, MO,
USA) and finally, stored in the computer for offline
analysis after digital-to-analog conversion by data
acquisition card (National Instrument, Austin, TX,
USA).
1.3 Data analyses

Data fitting was completed by MATLAB’ s
toolkit. Statistical analysis was carried out using
GraphPad Prism 8 software. We mainly analyzed two
parameters (1) direction and orientation bias (DB,
OB) and (2) baseline response and maximum
response of neurons. By comparing the changes in
OB, OD, baseline response and maximum response,
we can examine the effect of metformin on neuron
characteristics. The value of OB and DB represents
the strength of neurons tuning ability i. e. when OB
and DB are minimized (0), it shows that neurons have
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no tuning ability while with the maximum value (1),
the neurons have tuning ability only in one direction
or orientation. Similarly, the values of baseline
response and maximum response represent the
strength of neuronal activity, such as larger the value,
study the
information processing ability of neurons, we also

stronger the response. In order to
analyzed the signal-to-noise ratio (the quotient of the
magnitude of the cell’s response to the optimal
stimulus  (maximum
of the

(baseline response)). In the analysis of signal-to-noise

response) divided by the

magnitude cell's spontaneous response
ratio, all average baseline response below 1 spike is
set to 1 spike.

1.4 Western blot

After the electrophysiological experiment, the
brain was taken quickly, and the primary visual cortex
was separated and frozen at —80°C. After completing
the  electrophysiological samples
(control group n=4; metformin group n=4) were
treated in homogenizers respectively. The samples
were placed in ice bath with buffer containing PMSF
for 30 min, and homogenates were centrifuged
at 13 000 r/min for 10 min. The BCA protein
quantitative kit was used
concentration. Subsequently, performing standard
SDS-PAGE and Western blotting. The following
primary antibodies were used. CST: mAb#5704-
GIuN1, mAb#13185-GluA1l; Abcam: ab2723-PSD95,
ab26113-GAD65; Proteintech: 13171-1-A-HSP90;
SynapticSystems-Cat#:  131003-VGAT, 147021-
Gephyrin. The secondary antibody was used (1 : 1

experiments,

to measure protein

000). Membranes were developed with enhanced
chemiluminescence (ECL) solution (GE Healthcare,
Chicago, IL, USA) and the ChemiDoc imaging
system (Bio-Rad). Finally, Adobe Photoshop was used
to quantify the samples.

2 Results

2.1 Metformin decreases the expression of GluA1
and GluN1, while has no effect on PSD95 and
HSPY0 in excitatory neurotransmitter system
Firstly, we examined the effect of metformin on
the excitatory receptor and its receptor-associated
proteins of control group (n=4) and metformin group
(n=4). We mainly focus on two main Glu receptors
GluN1 and GluAl, neurotransmitter release related
protein HSP90 and postsynaptic dense protein PSD95.

Our results proposed that metformin significantly
decreased the expression levels of GluAl and GluN1
compared to control group as shown in Figure la and
Ib (Multiple #-test, GluAl: P<0.0089, GIuN1: P<
0.0066). Also, it has no significant effect on the
formation of PSD95 and HSP90 compared to control
group as shown in Figure Ic and 1d (Multiple #-test,
PSD95: P>0.36, HSP90: P>0.21).

2.2 Metformin

Gephyrin and

increases the expression of
VGAT in

neurotransmitter system

inhibitory

Secondly, we further analyzed the effect of
metformin on vesicle GABA transporter VGAT and
postsynaptic  inhibitory receptor-related proteins
Gephyrin. The

significantly increasing effect of metformin on the

presented results illustrate the
expression level of Gephyrin and VGAT as compared
to control shown in Figure 2a and 2b (Multiple #-test,
Gephyrin P< 0.003, VGAT P< 0.007).
2.3  Metformin enhances the signal-to—noise
ratio via decrease the baseline response and the
maximum response of neurons

In order to further explore the impact of
metformin on the visual system, we recorded the
changes in the response intensity of neurons to grating
stimulation through electrophysiological techniques
(Figure 3a, b). We further evaluated the baseline
response and maximum response of neurons in the
control and metformin groups. 16 mice were used in
the experiment, 98 cells were recorded in the control
group (n=6); and 72 cells were recorded in the
metformin group (n=10). The results showed that
metformin significantly decreased the baseline
response and maximum response of neurons (Figure
3b left, middle, Mann-Whitney test,
response: P< 0.024; maximum response: P< 0.045).

The changes of response intensity of neurons to

baseline

grating stimulation, compared with the control group,
the response intensity of baseline response and
maximum response of neurons induced by metformin
decreased significantly (Figure 3a). In order to
measure the influence of baseline response and
maximum response change on information processing
ability, we further analyzed the changes of signal-to-
noise ratio of neurons. The results showed that, under
the action of metformin, the signal-to-noise ratio of
primary visual cortex neurons increased significantly
(Figure 3b right, SNR: P<0.0005).
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Fig. 1 Effect of metformin on excitatory synaptic related proteins
Effect of metformin on GIluAl (a), GluN1 (b), PSD95 (c¢) and HSP90 (d) in primary visual cortex. Multiple #-test having P<0.05 was performed for

statistical analysis. The data are presented as (x % s).
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Fig. 2 Effect of metformin on inhibitory synaptic related proteins
Effect of metformin on Gephyrin (a) and VGAT (b) in primary visual cortex. Multiple #-test having P<0.05 was performed for statistical analysis. The

data are presented as (x = s).
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Fig. 3 Changes of nerve fire

intensity and signal-to—noise ratio

(a) In a recording cycle, waveforms traces of primary visual cortex neurons stimulated by grating stimulation. Top: yellow for baseline response,

green for maximum response. (Control group: baseline response=3 935, maximum response=1 971; Metformin group: baseline response=2 716,

maximum response=1 167). Middle and lower, spike raster figure of

neurons stimulated by four times, middle for maximum response, lower for

baseline response. (b) The histogram of the baseline response (left), maximum response (middle), signal-to-noise (right) in the recorded neurons. The

Mann-Whitney test having P< 0.05 was used for statistical analysis. The data are presented as (x = s).

2.4 Metformin enhances the orientation tuning
ability of neuron

Finally, we analyzed the effect of metformin on
the visual function. We recorded the changes of
neuron orientation tuning ability under the action of
metformin. 16 mice were used in the experiment, 98
cells were recorded in the control group (n=6), and 72
cells were recorded in the metformin group (n=10).
Compared with the control group, we analyzed the

change of orientation bias and direction bias index.
The results show that, DB and OB were significantly
increased compared to the control group (Figure 4b,
OB: P< 0.0048, DB: P< 0.0001). Figure 4a represents
the two neurons with different tuning abilities in the
control group and metformin group, and their tuning
ability has been enhanced under the action of
metformin.
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Fig. 4 Effect of metformin on orientation and direction bias

(a) Schematic diagram of orientation tuning of two typical neurons. (b) Statistical results of changes in direction and orientation bias.

3 Discussion

In this study, we found that metformin can

significantly decrease the expression level of
excitatory receptor GluAl and GIluN1. Beside this, it
can also increase the expression of inhibitory receptor-
GABA

transporter protein VGAT. The electrophysiological

related protein Gephyriny and vesicle
recording shows that baseline response and maximum
response of neurons in the primary visual cortex
decreased significantly, while the signal-to-noise
ratio, direction bias and orientation bias increased
significantly. These results indicate that metformin
can regulate the excitation and inhibition balance of
the primary visual cortex and improve visual
functions.

In the mammalian cerebral cortex, the dynamic
balance of excitation and inhibition system determines
the response characteristics of neurons to the

stimulation. Extracellular electrophysiology reveals

that the combination of inhibition and excitement not
only affects the characteristics of neurons themselves
but also affects the information processing ability in
the visual cortex!'% 41520211 The interaction between
excitation and inhibition is one of the key factors that
determine the information processing ability of

cortical neuronst'%»2%221 In the nervous system,
inhibition is considered to provide a balance against
excitement which maintains the nervous system in a
certain dynamic equilibrium state.

Previous studies have shown that metformin can
pass through the blood-brain-barrier and have specific
effects on the central nervous system. Metformin
exposure can play a neuroprotective role or
improvement of spatial memory. Some tests in these
studies are related to the wvisual system!?3-24,
Therefore, it is significant to explore the effect of
metformin on the visual cortex. In the proposed study,
we examined the potential of metformin on the

balance of excitatory and inhibitory of primary visual
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cortex to better understand the metformin improving
visual function.

The excitability of the nervous system is mainly
related to the activation of excitatory receptors.
Nervous systems use excitatory cell assemblies to
encode and represent sensory percepts. However,
excitatory abnormalities occur with over-activation of
excitatory receptors?> 21, This not only increases the
neuron fire level but also reduces the information
processing ability of neurons and the visual cortical
functionl'%2¢], Here, we found that metformin reduces
the expression of the Glu receptor, which is different
from the change of GABAA receptor (metformin
promote GABAA
postsynaptic membrane, but the total amount of

receptors aggregated to the
receptors remains unchanged®. Furthermore, there
was no significant change in the protein level of
PSD95( related to the aggregation of excitatory
receptorsi?”) and HSP90(related to neurotransmitter
releasel?®31) in the metformin group. These result
indicate that compensatory clustering of Glu receptors
did not occur in the postsynaptic membrane when the
content of Glu receptors decreased, which reduces the
ability of the postsynaptic neuron to receive excitatory
neurotransmitter. Besides this, there was no obvious
effect on the release of excitatory neurotransmitters.
In general, metformin may weaken the excitability of
the nervous system.

We further found that the contents of Gephyrin
and VGAT increased significantly under the treatment
of metformin. Gephyrin is a multifunctional protein
that can self-assemble to form protein scaffolds in
inhibitory synapses and take charge of GABA
receptors aggregates in postsynaptict32-5, Previous
experiments showed that when the RNAi removed,
Gephyrin would strongly affect the clustering of
GABAA receptor in the plasma membraneB3¢-¥1, In
our experiment, the expression levels of Gephyrin
increased which indicates that metformin not only
promotes the transport of intracellular GABAA
receptors to the plasma membrane®. Moreover, the
increase of Gephyrin content also provides a
possibility to clustering of GABAA receptors. In
addition, increment in VGAT content indicated that
metformin enhanced the aggregation and release
ability of GABA in the presynaptic membranet®**-4%. In
summary, we believe that metformin can enhance the
inhibitory synapses of the cortex in many ways.

To explore the effect of the change of cortical

excitatory inhibition system on neuron response under
metformin, we analyzed the changes of neuron fire
and tuning characteristics by electrophysiological
techniques. The results shows that baseline response
and maximum response of neurons were significantly
decreased under the treatment of metformin. This
indicated that metformin may regulate the excitation-
inhibition balance of the nervous system by
strengthening the inhibitory (GABAergic) synapses,
while weakening the excitatory (Glutamatergic)
synapses, and thus weakening the neuronal fire. What
is the effect

characteristics? Further analysis shows that the

of the change of neuron fire
decrease of baseline response and maximum response
of neurons leads to the increase of signal-to-noise
ratio. As a parameter reflecting the information
processing ability of the nervous system, the increase
of signal-to-noise ratio indicates that metformin
enhances the information processing ability of
cortexl!5- 41431

analyzed the effect of metformin on the function of

primary visual Finally, we have
neurons in the primary visual cortex, the results
represent that orientation and direction bias of
neurons were significantly enhanced by metformin,
which indicated that metformin could improve the

function of neurons in primary visual cortex.
4 Conclusion

In summary, we demonstrated that metformin
can regulate the excitation-inhibition balance of the
primary visual cortex by strengthening the inhibitory
(GABAergic) system and weakening the excitatory
(Glutamatergic) system, and improving information
processing ability. This effect of metformin improves
the functional characteristics of neurons in the
primary visual cortex. However, due to the lack of
experimental design and time constraints, there are
still many shortcomings and deficiencies in this study.
Firstly, in the aspect of the effect of metformin on the
excitation-inhibition system, we only reflected the
changes of synapse-related proteins in visual cortex
after long-term treatment of metformin. From the
results we found that metformin can change the
expression of related proteins. In order to fully
understand the role of metformin in synapses, we also
need to explore the effect of metformin on gene level.
In this way, the effect of metformin on the
physiological function of this gene can be analyzed
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more comprehensively. Secondly, we only used
Western blot to test the changes of protein expression.
In order to reduce the experimental errors and
increase the reliability of the results, we should
carry out various verifications through different
experimental techniques, such as
immunohistochemical experiments. Thirdly, as it is
recognized that AMPK is

metformin, so how to find the connection between

the main target of

synapse-related proteins and AMPK needs further
study. In addition, there are some limitations in
exploring the effects of metformin on neurons through
electrophysiological records. We hope that we can
accurately explore the effect of metformin on the
response characteristics of different types of neurons
by combining photogenetic methods. In general, this
study has only achieved phased results. Still, it is
necessary to combine a variety of experimental
techniques to get more convincing and reliable
research.
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