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The Role of Central Insulin Resistance in Neuronal Synaptic Plasticity Associated
with Neuropsychiatric Disorders

Diabetes and insulin resistance have been linked to cognitive impairment, mood
disorders, and increased risk of Alzheimer’s Disease. The mechanisms by which type 2
diabetes influences depression and anxiety are not known, but insulin resistance is
associated with increased inflammation and cytokine production in some brain regions
(1). Furthermore, ablation of insulin receptor in catecholaminergic neurons attenuates
insulin-induced excitability in dopaminergic neurons (2), whereas insulin administration
into the central nervous system (CNS) of rats has been shown to increase dopamine
transporter protein expression (3). The latter is important because alterations in the
activity of dopamine and/or serotonin systems have been linked to depression.
It has been previously demonstrated that mice with a targeted deletion of insulin
receptors (IR) in the whole brain (NIRKO mice, produced through crossing of IR-lox
with Nestin-Cre mice, showed anxiety and depressive-like behaviors (4). They were also
characterized by mitochondrial dysfunction specific to the brain with reduced
mitochondrial oxidative activity, increased levels of lipid and protein oxidation, as well
as altered dopamine turnover in the CNS. Using carbon fiber amperometry to measure
electrically evoked dopamine release in real time in acute brain coronal slices, our results
demonstrated a 40±9% decrease in the average width of the dopamine signal in the
nucleus accumbens and a 44±10% decrease in t1/2 (width at half height), resulting in a
39±14% decrease in dopamine molecules released per stimulation in NIRKO mice
(p<.05, n=6-7 mice per genotype). This is indicative of a reduction in dopamine
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exocytosis and an increase in dopamine uptake in NIRKO mice. We further demonstrated
changes in dopamine exocytosis in mice with a glial specific knockout of the insulin
receptor (GIRKOs) produced through crossing of IR-lox with GFAP-Cre mice. We found
a 39.3% decrease in the average number of dopamine molecules evoked per stimulation
in the dorsal striatum, 28.6% decrease in the nucleus accumbens and 44.9% decrease in
the medial prefrontal cortex (n=13-15 per genotype, p<.05). In addition, catecholamine
quantal size in the adrenal glands of GIRKO mice was compromised by 50% in
comparison to wild-type mice (n=12 per genotype, p<.05). The alterations in central and
peripheral catecholamine signaling in NIRKO and GIRKO mice appear equivalent to
those observed in major neurodegenerative and neuropsychiatric disorders that involve
monoamine neurotransmitters and seem to be linked specifically to insulin resistance in
glial cells in the brain. Central insulin resistance and insulin resistance in astrocytes could
be one of the important underlying mechanisms that provide the link between type 2
diabetes, Parkinson’s disease and Alzheimer’s disease, as well as neuropsychiatric
disorders like depression and anxiety.
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Introduction

A.! Physiological Basis of Insulin Resistance

Insulin is an important peptide hormone secreted by the β cells of the pancreas which
maintains normal blood glucose levels by facilitating cellular glucose uptake, regulating
carbohydrate, lipid, and protein metabolism, as well as promoting cell division and
growth through its mitogenic effects (9).
Not only is insulin regulated by nutrient secretagogues such as glucose, which triggers
insulin secretion from the β cell by increasing intracellular ATP and closing the K+-ATP
channels, but its synthesis and secretion is also regulated by non-nutrient secretagogues
as well. They are able to act through various pathways including neural stimuli such as
cholinergic and adrenergic pathways, cationic amino acids, or other peptide hormones (9).
With evidence of insulin resistance appearing up to 10-20 years before the onset of type-2
diabetes (12,13), it is important to understand the significance insulin resistance may
have.

Insulin resistance is characterized by impaired sensitivity to the normal circulating
concentration of insulin. Previous studies have demonstrated that insulin resistance is
consistently found in patients with type 2 diabetes (13-16). Pathophysiological insulin
resistance is also a key feature of other diseases including overproduction of very low
density lipoprotein (VLDL), increased vascular resistance, obesity, hypertension, and
hyperlipidemia (5).
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B.! Role of Insulin Receptors in Brain

Although the main function of insulin in regulation of glucose homeostasis is carried out
in peripheral systems, insulin receptors and insulin signaling proteins are also widely
distributed throughout the central nervous system (CNS). Studies have suggested that the
transport of insulin in the brain might be regulated by multiple factors, such as
glucocorticoids (28). Physiological conditions such as obesity, hibernation, aging, fasting,
as well as depression and neurodegenerative disorders like Alzheimer’s disease are all
associated with differences in the regulation of insulin (4, 7, 29-33). These studies
indicate that insulin receptors are not only limited to regulating the balance of glucose,
but are also involved in appetite regulation, olfaction, memory, and cognition (9,10).
Even though the significance of insulin’s function in the brain is not yet fully understood,
evidence indicates that insulin contributes to numerous metabolic, neurotropic,
neuromodulatory, and neuroendocrine central biological effects (17-24). Leptin and
insulin share a common signaling pathway in the hypothalamus (11). In primary neuronal
cell culture, insulin appears to regulate metabolism and growth (6), and it has also been
demonstrated that patients with Parkinson’s disease show a reduced expression of insulin
receptors in the brain (8).

2

C.! Dopaminergic Neurotransmission in the CNS

Dopamine is an organic chemical and a catecholamine(CA) that plays a unique role in
basal ganglia and cortical circuits by modulating a broad range of behaviors from
learning to motor control. It is also considered to play a crucial role in attention and
rewarding stimuli, a requirement for the acquisition of behaviors (36, 37). Even though
there is comparatively a small amount of dopaminergic neurons, their axons’ projections
reach many other regions of the brain, which empower their effects on targets (51). There
are three major pathways of dopamine transmission: extensions from the substantia nigra
striatum, projections from the ventral tegmentum to the mesolimbic forebrain, and the
neuronal control of the hypothalmic-pituatory endocrine system (49). We will focus on
DA production from the striatum, NAc and PFC in our study.

D.! Dopamine, IR, and Obesity

The link between obesity and type 2 diabetes has been traced to obesity’s ability to
induce insulin resistance. Although the causality between insulin resistance and obesity is
not clear yet, the important role of IR in inducing obesity or being induced is significant.
Regarding the importance of dopamine in regulating food intake, it has been implicated
as a modulator of overeating and obesity (50). Previous experiments have established that
food intake will induce dopamine release in striatum (52,53), which led to the hypothesis
that obese people may experience less “reward” after food intake due to less dopamine
release from striatum (52). This further emphasizes the link between dopamine levels and
the pathophysiology of obesity.
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E.! Adrenal Chromaffin Cells

The adrenal medulla, part of adrenal gland, includes cells that secrete epinephrine,
norepinephrine, and dopamine in response to sympathetic preganglionic neurons (34).
Studies have demonstrated the presence of D2 dopamine receptors on the membrane of
adrenal chromaffin cells causes inhibition of catecholamine release (35). Based on the
fact that chromaffin cells share the same secretory apparatus as neurons, we use both
neuronal and adrenal chromaffin preparations in the current manuscript to study the
effects of central IR on central and peripheral catechoalime neurotransmissions.

F.! Animal Model for Studies

A mouse model named NIRKO (Neuro specific IR Knockout) was established to
investigate the relationship between IR and other conditions such as obesity, type 2
diabetes, and neurodegenerative disease. NIRKO mice are generated by using the Creloxp system with CNS-specific disruption of IR gene (54,55). Using this model, studies
have suggested developing IR in the brain induces mitochondrial and dopaminergic
dysfunction leading to behavioral disorders (4). Glial cells carry the supportive functions
help dine synaptic contacts and modulate the signaling of neurons (57). Regarding this
unique character, we developed in collaboration with Professor Ron Kahn’s laboratory at
Joslin Diabetes Center GIRKO (Glial specific IR Knockout) mice for our study
investigating the impact of IR in CNS.
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Hypothesis:
Because of the link between obesity, diabetes and the increased risk for Alzheimer’s
disease (AD) and other brain disorders (56), our study focused on the effects of CNS
insulin resistance on central dopamine and peripheral catecholamine release as it relates
to changes in murine behavior. We expect that central insulin resistance would result in
significant compromises in dopamine neurotransmission kinetics and may bring on a
phenotype related to neurodegenerative and neuropsychiatric disorders associated with
abnormal catecholamine release.

5

Materials and Methods

A.!Animals

All animal procedures were approved by The Harvard Medical School and the Tufts
University School of Medicine Institutional Animal Care and Use Committees. We used
female Glia-specific insulin receptor knockout(GIRKO) mice 12 -15 weeks old as
experimental group and female wild type (Mc4r+/+; WT)as control group. All animals were
fed regular laboratory chow. Mice carrying a “floxed” allele of the IR gene were crossed
with mice with the Cre-recombinase under control of the rat nestin promoter and enhance
(7). Cre-loxP system was used to generate mice with Glia-specific disruption of the IR
gene (25,26), and were backcrossed into C57BL/6J background for at least nine
generation before the study (4).

Brain Slice Preparation:
Animals were euthanized using a ketamine-xylazine cocktail – 1:1 ratio, and 2ml in total.
The brain was placed in ice cold oxygenated sucrose bicarbonate solution. The two
halves of the neocortex were promptly glued to a metallic base fitting a Leica VT1000S
Vibratome (Leica Microsystems) and cut in 300 µm coronal brain slices which were
transferred to a container filled with oxygenated ACSF at room temperature. Brain slices
were allowed to recover for an hour after dissection. Only slices containing the prefrontal
cortex, nucleus accumbens or striatum were used for testing. The three sites contain the
bulk of terminals projecting from the dopaminergic midbrain.
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Behavioral Tests
The mouse tail suspension test and forced swimming test were performed on naïve 10-,
17-, and 24-month old female mice to assess any depression-like behavior. Novelty
suppressed feeding test, dark/light box test, and stress by restraint test were performed to
evaluate their level of anxiety. Open field test was performed to evaluate exploratory
drive. It is critical to perform only once test on each animal for prevention of any learning
effect.

Euthanasia
Animals were given an intraperitoneal lethal injection of 2ml solution, consisting of 1:1
ratio of xylazine and ketamine cocktail according to the laboratory’s IACUC-approved
animal protocol. When the animal was no longer responsive to the toe pinch, it was
quickly decapitated for harvesting of brain and adrenal samples.

Tissue Collection
The Vibratome slice chamber was placed in a -20°C freezer for at least 30 mins prior to
the brain collection. Then the slice chamber was secured surrounded with an outer bath of
ice in Vibratome (Lecia VT1000s Vibrating blade microtome). The slice chamber and
one plastic tray were filled with oxygenated Sucrose Bicarbonate solution; and another
recovery plastic container where we placed the sliced specimens was filled with
oxygenated ACSF solution.
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Brain Slices
The mouse brain was harvested (maximum 5 minute extraction time) using surgical
tweezers and pliers (Friedman-Person Rongeurs 14cm stainless steel single-joint model).
The whole brain was placed and prepared in 30ml of oxygenated Sucrose Bicarbonate
solution. Cerebellum was removed via a perpendicular cut to the medial longitudinal
fissure. The two pieces of brain tissue were glued (Loctite 404 Instant Adhersive) to
mount a semicircular piece of 2% agar solution on a circular stage; then the stage was
smeared with glue again using a spatula. Each brain hemisphere was delicately placed
onto the agar platform, resting against the agar and on the circular stage with caudal side
on stage and frontal side facing away and dorsal region facing the Vibratome blade,
which ensures the first slice will come from the rostral end. The brain stage was placed
in to the slice chamber afterwards, bathing in ice-cold and oxygenated solution of sucrose
bicarbonate. The Vibratome was set to a slice thickness of 300µm, with a speed of 5.0
mm/s and a frequency of 7Hz. The slices with Striatum, Nucleus Accumbens (NAc), and
the prefrontal cortex (PFC) were collected and transferred to the recovery chamber container
with oxygenated ACSF for at least 1hour.

Chromaffin Cell Culture
Adrenal glands were removed and transferred to sterile Locke’s buffer solution. Excess
fat was removed from each gland, medullary fragments were isolated from cortical tissue
in chilled Locke’s Buffer with the aid of a dissection microscope.
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All medullary fragments were pooled and stored on ice before enzymatic digestion.
Samples were then resuspended in Hanks’ balanced salt solution containing 10 mg
collagenase A and 18mg bovie serum albumin at a concentration of 20 mg/ml and Dnase
at a concentration of 0.1 mg/ml, for a total of 70-90min in a 37°C water bath.
Throughout the course of digestion, medullary fragments were triturated approximately
every 5 min to improve digestion. At the end of the digestion, enzymes were removed,
and cells were resuspended in warm phosphate buffered saline (PBS) twice centrifuged at
1000 rpm for 5 min to remove excess cortical tissue and fat. The supernatant was
discarded and the cells were resuspended in warm Chormaffin culture medium.
Plates were placed in 37°C incubator for 24 hours for cells to grow and then tested.

Carbon Fiber Amperometry

Amperometric electrodes used 5 µm carbon fibers (Amoco). The electrodes were backfilled with 3 M KCl and beveled at the tip. Electrode response was tested by cyclic
voltammetry. A positive 700 mV voltage (vs. a Ag-AgCl ground) was applied to the
carbon fiber electrode using a 200B amplifier (Axon instruments). The amperometric
electrode was placed in the prefrontal cortex, dorsal striatum or nucleus accumbens. A
bipolar stimulating electrode (PlasticsOne, Inc.) was placed 100-200 µm away from the
carbon fiber electrode. A current stimulus of +500 µA was applied 5 times per site every
5 min for 2 msec. The response of the amperometric electrode (increase in baseline) was
recorded using Axograph. The output was digitized at 50 kHz, low-pass filtered at 1 kHz,
and analyzed using Axograph.
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The number of molecules oxidized was determined by the relation N=Q/nF where Q is
the charge of the spike, n is the number of electrons transferred (two for catecholamines),
N is the number of moles, and F is Faraday’s constant (96485 coulombs per unit charge).

B.! Slice Electrophysiology

Figure 1. The electrophysiology setup. 1: Carbon-fiber electrode (recording
electrode). 2- Stimulating electrode, which applied stimulation. 3: Ground
electrode (Ag/AgCl),which decrease the noise of the background. 4:Brain
slice stage. 5- Brain Slice sample
Electrode Preparation
5-pm carbon fibers were aspirated into glass capillary tubes and pulled with a FlamingBrown micropipette puller(Sutter Instruments, Novato, CA, USA). The tips of the electrodes
were sealed with glue and cured at 100°C for 24hrs. The tips were polished at a 45° angle on
a beveller using alumina paste. All the electrodes were tested by cyclic voltammetry in a
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freshly prepared 10pM solution of dopamine and those with unstable current/ voltage
responses were discarded.

Recordings From Brain Slices
All the recordings were taken from slices with NAc, Striatum, or the Prefrontal Cortex. Slices
were placed in the center of the stage and secured with a covered scale. The bipolar
stimulating electrode (twisted wire: MS 303/3, Plastics One Inc.) was fixed on an electrode
handle and lowered over the sample using micromanipulators, until touching the desired area
of gray matter. The carbon fiber recording electrode was filled with 3Mol solution of KCl
secured on an electrode holder (Axon Instruments, CV 203BU HEADSTAGE) on the left
side of the microscope. Both two electrodes were lowered just above the surface of the brain
slice and two tips were positioned on the region of interest. The acquisition (50 kHz) begun,
and a single pulse stimulus was delivered after 5 seconds. Each recording lasted 20 seconds
in total. The recording was repeated every 5 minutes to allow time for the recovery of the site.
Only peaks that were 3.5 times greater than the rms noise of the baseline considered
amperomtric peaks and kept. The width was identified as the duration between the baseline
intercept of the maximal incline from the baseline to the first point that exceeded the cut off
and the first data point from the baseline to the first point following the maximal amplitude
that registered a value ≤ 0 pA. The Maximum amplitude (I-max) of the event was the highest
value within the event. The electrical stimulus was triggered by a constant-current stimulator
(Grass Instruments Co. Model S88). At least four different spots of each region of interest
were tested, and 5 times each.
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C.! Chromaffin Cell Amperometry

Micropipettes for stimulating cells were produced from 1.2 x 0.68-mm glass capillary tubes
(A-M Sysytems, Everett, WA, U.S.A.) by pulling them with a Flaming-Brown micropipette
puller(Sutter Instruments, Novato, CA, U.S.A) and cutting the tip of the fine end to allow
liquid to come out certain amount under applied pressure. A micropipette was filled with 80
mM KCl and 6 mM CaCl2 and fixed on an electrode stage. It was positioned 16 mm away
from target cell after lowering to the desired area. Stimulation was delivered by 6 second
low-pressure pulses (< 3psi )from a micro injector (Pieospritzer II, General Valve, Fairfield,
NJ, U.S.A.) to reduce mechanical shear. Total injection volume was- 20 pL; the effects of the
perfusion on baseline current last for about 40s, indicating substantial mixing of the perfusion
solution and media. Only peaks with their rising slope were greater than 3.5x the noise
threshold were kept and analyzed. Average background current in the vicinity of the peaks
was subtracted from the signal.

D.! High Performance Liquid Chromatography (HPLC)
Sample preparation: The whole brain was extracted from GRIKO mice after euthanizing with
xylazine and ketamine. The brain was transfer to ACSF solution to wash off blood, and then
was transferred to a 1.5 ml tube with 1 ml of 0.3 Mol perchloric acid(PAC). The whole brain
was triturated by ( TISSUEMISER, Fisher Scientific) for 5 minutes until the whole brain was
completely homogenized in PAC. Sonication with the probe sonicator (Branson Co.) at 54%
was applied for 1 minute after vortexing the sample (Fisher Voertex Genie 2TM Cat.No. 12812) for 30 sec. The tube was then transferred on dry ice for 10 minutes, then process was
repeated for 3 times before centrifugion (accuSpin Micro 17, Fisher Scientific). The sample
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was spin for 25 minutes at 1200 rpm. The total supernatant liquid was then separated from
the pellet; and total volume of the liquid was measured and labeled for quantification. Liquid
samples were stored in -80°C freezer before injection into the HPLC system; protein

pellets were stored at -20°C..

High Performance Liquid Chromatography(HPLC) (Figure 2) was used to quantify the total
amount of dopamine and other neurotransmitters in the whole brain of GRIKO mice.
A GBC LC1120 HPLC pump was used. (Figure 2 A), coupled to a electrochemical detector
(Antec INTRO; Figure 2 B). 20 ul of each sample was injected manually each time for
analysis with a pump pressure of 1200 psi.

Figure 2. HPLC setup The samples were injected from the
electrochemical detector (B), and washed through the pump in A.

Neurotransmitters in samples were washed out separately and showed
on the recorder (C).

Peaks were recorded by Flatbed Recorder ( BD 111) (Figure 2 C) with dual channel(CR112)
and with the speed of 1 cm/min. The distance between each peak was determined by the
polarity of the mobile phase, which contained 6.9g NaH2PO4 (Sodium Phosphate
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Monobasic MW=120.0), 80mg EDTA (Ethylenediaminetetra-Acetic Acid MW=292.2),
80mg HSA (Heptaneswfonic Acid MW=220.27), 45ml MeOH (methanol), dH2O. All the
reagents were filled in a 1-liter HPLC bottle and adjusted to the pH to 4.

E.! Statistical Methods

Data sets were presented as a mean

s.e.m., and analysis for statistical significance

using t test or two-way ANOVA. P value < 0.05 was considered statistically significant.

Data acquisition and analysis
Electrophysiology data were analyzed by Axograph Scientific Software (Kagi, Berkeley,
CA). Peak amplitude, t1/2, peak width and molecules were measured from brain slices;
peak amplitude quantal size and interspike interval (ISI) were measured from chromaffin
cells.
Brain Slices:
First, the baseline was set to a range between 19 to 20 seconds of the signal baseline trace.
Then the chart was set to a filter cutoff of 1 kHz.
Amplitude, peak width and t1/2:
Amplitude, peak width and t1/2 (width at half height) were separately measured.
The width was determined by setting a range from where the peak first crosses the
baseline to the first time point it crosses below the baseline after the event.
Area under the Curve(AUC) and the Number of Molecules:
Number of dopamine molecules released as a result of stimulation was then calculated
using the Faraday

s equation:
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Where, -=6.2×1023, .=96,485, the number of electrons transferred by the oxidizing
neurotransmitter /=2, 01 is the onset of signal located as rise from the baseline and 02 is
the first time the signal reaches the baseline after 01.

Adrenal Chromaffin Cell Data:

The data set was baselined to a filter cutoff of 1kHz. Since each trace represented more
than one quanta from each chromaffin cell, baseline was set separately for each
individual peak. Only peaks were greater than 3 ms wide and 3 times higher than average
noise were kept and analyzed.

The measured method for peak, the area under the curve was the same as used in
electrophysiology data set. The same equation was used as descried before to calculate
the number of dopamine molecules released. Noticeable, peaks from chromaffin cell are
monoquantal event released by single vesicle.

Interspike Interval, Firing Rate, and Coefficient of Variation
The interspike interval (ISI) was measured as the mean time elapsed between spikes
within a 40 second-long trace. The coefficient of variation (CV) was a measure of spike
train irregularity, which is calculated as the standard deviation of all ISI divided by the
mean interspike interval.
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RESULTS

Dopamine Release in Striatum, NAc, PFC from Brain Slices

Representaive amperometric traces from brain slices:

Our Results showed that the average number of dopamine molecules release in GIRKO
mice was significantly decreased compared to the control group in Striatum and PFC
(Figure 4)

Figure 4. Average number of molecules of dopamine release from Striatum, NAc and
PFC. The average number of molecules of dopamine released from Striatum and PFC
of GIRKO mice were significantly decreased. KO are GIRKOs; WT wild-type. (*
P<0.05)
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Peak amplitude was defined as the highest value achieved after stimulation. The results
showed that amplitude in data from GIRKO mice was significantly reduced compared to
the WT group in Striatum and PFC (Figure 5). between these two group beyond the
average number of molecules and peak amplitude. It was determined by the time range
from the onset of the peak to the point where signal hit the baseline. The larger base
width the signal is, the slower fall in the current it represents, which indicates the rate of
degradation or reuptake of the neurotransmitters (dopamine) (27).

Figure 5. Average amplitude of dopamine release from Striatum, NAc and PFC. The
average amplitude of dopamine released from Striatum and PFC of GIRKO mice were
significantly decreased. KO represents GIRKO mice; WT represents the control
group. (* P<0.05)
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Our data showed a decrease of peak width from GIRKO mice in Striatum, NAc and PFC.
However, the difference was not statistical significant at the 95% confidence interval
(Figure 6).

Figure 6. Average of peak width from Striatum, NAc and PFC of GIRKO mice
showed decrease compared to peak width of wide type mice. The difference between
GRIKO and control group did not research statistical significance at the 95%
confidence interval after two-pair t-test applied.
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Half width of peaks (t1/2) was defined as the width of the peak at half its maximum rise
time. It was calculated by the time of rise from 25% to 75% of the peak height time and
fall time, which indicates the duration of each reaction after delivering the stimulation.
An obverse decrease of t1/2 from Striatum, NAc, and PFC; a statistical significance was
show in Striatum and PFC between these two groups (Figure 7).

Figure 7. Half width of peaks(t1/2) from evoked dopamine release in Striatum, NAc,
and PFC between GIRKO mice and wide type mice. T½ showed decrease in all three
sites of GRIKO mice, but only t1/2 from Striatum and PFC of GIRKO mice was the
statistical significant different compared to t1/2 of wide type mice. (** P<0.05). KO
represents GIRKO mice; WT represents wide type mice.
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Depolarization-Induced Quantal Release in Adrenal Chromaffin Cells
Data sets were acquired and analysed by AxoGraph software, which showed the traces of
spike trains from high-potassium and high-calcium induced catecholamine quantal
release in the chrmaffin cells from adrenal glands (Figure 8).

Figure 8. Traces from depolarization induced quantal release in chromaffin cells
from adrenal glands between GRIKO mice and wide type mice. Cells were
stimulated with 80 mM KCl for 6 second (arrow 1) after 24 hours’ incubation.
Amperometric spikes were shown after stimulation applied (arrow 2) between
two groups.

Average Interspike Interval (ISI) and quantal size in chromaffin cells.

Average of peak amplitude from chormaffin cells of GIRKO mice and wide type mice
was calculated and compared after 24 hours’ incubation with 80 mM KCl and 6 mM
CaCl2 for 6 sec. Box-and-whiskers plot of the frequency and quantal size (number of
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catecholamine molecules released by a single vesicle during exocytosis) distribution from
the recorded cells are presented (Figure 9 & 10).

Figure 9. Average Interspike Interval in chromaffin cells. Cells were stimulated 24
hours post plating 80 mM KCl and 6 mM CaCl2 for 6 sec. Box-and-whisker plots of
the distribution of the ISI from cells are presented. Average ISI from KO mice showed
a decrease compared with average ISI from WT; however, the difference did not reach
statistical significance. KO: GIRKO mice; WT: Wildtype mice.

Figure 10. Average Quantal Size in chromaffin cells. Cells were stimulated 24 hours
post plating 80 mM KCl and 6 mM CaCl2 for 6 sec. Box-and-whisker plots of the
distribution of the quantal size from cells are presented. Average quantal size from
KO mice was significantly decreased from WT (P<< 0.05). KO: GILKO mice; WT:
Wildtype mice.
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Figure 11. Average Peak Amplitude in chromaffin cells. Cells were stimulated
24 hours post plating 80 mM KCl and 6 mM CaCl2 for 6 sec. Box-and-whisker
plots of the distribution of the peak amplitude from cells are presented. Average
quantal amplitude from KO mice shows a decrease in comparison to the WT
animals. (P< 0.05). KO: GIRKO mice; WT: Wildtype mice.
Whole Brain HPLC between GIRKO mice and Wildtype mice
Whole brain samples were acquired from both GIRKO mice and wildtype mice for
HPLC, to compare the total amount of dopamine and other neurotransmitters in their

Figure 12. HPLC peaks from brain samples from GIRKO mice and KO mice with the
same diluted ratio.
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brains. All samples were prepared as described in the methods section.
Whole brain HPLC data was compared between KO and WT animals of different
monoamines and their metabolites (Figure 13).

Figure 13. Total content of different neurochemicals graphed after qualification. Some
neurochemicals such as 5-HT and Dopamine show lower content in GIRKO mice
compared to wildtype mice. However, there is no significant difference between the two
groups.

23

DISCUSSION

As shown in the results section, deletion of insulin receptor in glial cells in the brain is
associated with a decrease of dopamine release from different regions. NAC, Striatum
and PFC receive projections from midbrain dopaminergic neurons and differences at
those sites demonstrate a significant presynaptic deficit in central dopamine
neurotransmission.

The average number of released dopamine molecules per electrical stimulation in the
slice, the mean amplitude of the resulting current, as well as t1/2 were all significantly
decreased in the GIRKO animals compared to brain slices from the WT animals. The
above results suggest that the lack of insulin receptor gene in astrocytes in mice may lead
to a possible change in the lipid composition characterizing the neurotransmitter pore size,
an increase in the number of the vesicles released at the synapse, and/or a decrease in the
rate of degradation or reuptake of dopamine respectively.

We also showed a significant decrease of quantal size from chromaffin cells of GIRKO
mice compare to the wildtype group, which suggests global changes in mechanisms of
presynaptic neurotransmitter regulation of GIRKO mice.

Our HPLC results showed differences in whole brain neurochemicals between groups;
however, the differences between two groups did not reach statistical significance,
probably due to low statistical power.
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Overall, deleting insulin receptors in central glial cells in mice seems to result in
significant alteration in catecholamine release in both CNS and PNS. Combining the data
shows decrease of evoked dopamine release from brain slices and decrease of
catecholamine quantal size from chromaffin cells, suggesting that GIRKO mice may have
significant impairments on catecholamine exocytosis.

The present study indicates that there may be a newly recognized role of brain insulin in
dopamine-related disorders, including neurodegenerative disorders like Parkinson’s
disease, and neuropsychiatric disorders like depression. It may also help explain the
association between diabetes and cognitive disorders like Alzheimer’s.
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APPENDICES
A.! Solutions and Reagents
ACSF
REAGENT
124mM NaCl (mw 58.44)
2.0mM KCl (mw 74.55)
1.25mM KH2PO4 (mw 136.1)
2.0mM MgSO4 (mw 120.4) or
2.0mM MgSO4* 7H2O (mw 246.5)
25mM NaHCO3 (mw 84.1)
2.0mM CaCl2 (mw 111.0)
11mM Glucose (mw 180.2)

g/500mL sol’n

g/L sol’n

g/2L sol’n

3.623
0.075
0.085

7.247
0.149
0.170

14.494
0.298
0.340

0.120 or
0.247
1.051
0.111
0.911

0.241 or
0.493
2.103
0.222
1.982

0.482 or
0.986
4.206
0.444
3.964

1)! Fill a 1L graduated cylinder with around 700ml nanopure dH2O and magnetic stir bar.
2)! Individually weigh out and add each reagent. When all are added fill cylinder to exactly 1000ml
with nanopure dH2O.
3)! Allow time for all to dissolve.
4)! Pour entire sol’n into a 2L flask and add 1L nanopure distilled water.
5)! Filter, label and store in cold room (8ºC).

SUCROSE 10x STOCK SOL’N
REAGENT

g/L

g/2L

mM (1x)

mM (10x)

Sucrose (mw 342)
KCl (mw 74.6)
CaCl2 * 2H2O (mw 147)
MgCl2 * 6H2O (mw 203)
NaH2PO4 * H2O (mw 138)
Glucose (mw 180)

574.56 (80%)
2.61
1.47
8.12
1.72
18

1436.4
5.22
2.94
16.24
3.44
36

210
3.5
1
4
1.25
10

2100
35
10
40
12.5
100

1)!
2)!
3)!
4)!
5)!

Fill 1L graduated cylinder with ~400-500ml nanopure dH2O and magnetic stir bar. Stir at 4.
Individually weigh out and add each reagent. **Sucrose must be added gradually.
When all are added fill cylinder to exactly 1000ml with nanopure dH2O.
Allow time for all to dissolve.
Filter, label and store in cold room (8ºC).

BICARBONATE 10x STOCK SOL’N
REAGENT

g/L

NaHCO3 (mw 84)

21.84

1)!
2)!
3)!
4)!
5)!

Fill 1L graduated cylinder with ~400-500ml nanopure dH2O and magnetic stir bar. Stir at 4.
Weight out and add NaHCO3 gradually.
When all is added fill cylinder to exactly 1000ml with nanopure dH2O.
Allow time to dissolve.
Filter, label and store in cold room (8ºC).

Rodent Adrenal Chromaffin Cell Culture Protocol:
LOCKE’S BUFFER MEDIUM (PH 7.3):
NaCl
154 mM (8.99976 g/L) (MW=58.44)
30

KCl
3.6 mM (268.38 mg/L) (MW=74.55)
NaHCO3 5.6 mM (470.456 mg/L) (MW=84.01)
Glucose 5.6 mM (1009.12 mg/L) (MW=180.2)
HEPES
10 mM (2.383 g/L) (MW=238.3)
CHROMAFFIN CELL CULTURE MEDIA:
Fetal bovine serum
DMEM

25 mL
223.75 mL (Cellgro, Mediatech Inc # 10-013-cv; with high
glucose L-glutamin and sodium pyruvate)
PNC (Pennicillin, 50 unit/mL) + Streptomycin (50 µg/L)
1.25 mL (antibiotics, dilute 1:200 from stock)
CHROMAFFIN STIMULANT:
Chromaffin*Stimulant*with*80mM*KCl*and*6mM*CaCl2*Saline*with*PO4*
*
67.2*mM*of*NaCl*(*MW=*58.44)CCCCC1.963g*
********80.0*mM*of*KCl•2H2O*(*MW=*74.55)CCCCCCC2.982g*
1.0!mM*of*NaH2PO4*(*MW=*120.0)C0.06g*
6*mM*of*CaCl2*(MW=*147.01)CCCCCCC0.441g*
********10*mM*of*Hepes*(*MW=*238.3)CCCCCCC1.197g*
********1.0*mM*of*MgCl2*(MW=*203.3)CCCCCC0.102g*
********25*mM*of*Glucose*(MW=*180.2)CCCC2.253g*
*
Dissolve*in*500ml*nanopure*water*and*adjust*the*PH*to*7,*filter.*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
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B.! Statistical Analysis
Comparison of striatal electrically-evoked dopamine release:*

*

Comparison of NAc electrically-evoked dopamine release:*

*

Comparison of PFC electrically-evoked dopamine release:
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Comparison of Adrenal Chromaffin Cells’ high-potassium and high-calcium evoked catecholamine
release:

*
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