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AbStr Act

Aims and Methods  Glucose homeostasis and energy balance 
are under control by peripheral and brain processes. Especially 
insulin signaling in the brain seems to impact whole body glu-
cose homeostasis and interacts with fatty acid signaling. In 
humans circulating saturated fatty acids are negatively associ-
ated with brain insulin action while animal studies suggest both 
positive and negative interactions of fatty acids and insulin 
brain action. This apparent discrepancy might reflect a differ-
ence between acute and chronic fatty acid signaling. To address 
this question we investigated the acute effect of an intracere-
broventricular palmitic acid administration on peripheral glu-
cose homeostasis. We developed and implemented a method 
for simultaneous monitoring of brain activity and peripheral 
insulin action in freely moving mice by combining radiotele-
metry electrocorticography (ECoG) and euglycemic-hyperin-
sulinemic clamps. This method allowed gaining insight in the 
early kinetics of brain fatty acid signaling and its contempora-
neous effect on liver function in vivo, which, to our knowledge, 
has not been assessed so far in mice.
Results  Insulin-induced brain activity in the theta and beta 
band was decreased by acute intracerebroventricular applica-
tion of palmitic acid. Peripherally it amplified insulin action as 
demonstrated by a significant inhibition of endogenous glu-
cose production and increased glucose infusion rate. Moreover, 
our results further revealed that the brain effect of peripheral 
insulin is modulated by palmitic acid load in the brain.
Conclusion  These findings suggest that insulin action is am-
plified in the periphery and attenuated in the brain by acute 
palmitic acid application. Thus, our results indicate that acute 
palmitic acid signaling in the brain may be different from 
chronic effects.

 *  These authors contributed equally to this work.
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Introduction
Numerous studies in animals and humans have indicated that in-
sulin action in the brain influences peripheral metabolism, body 
weight regulation, food intake and energy expenditure [1–4]. An 
intact insulin signaling chain in the brain is required for the full in-
hibitory effect of systemic insulin on endogenous glucose produc-
tion [5, 6].

High caloric intake, high-fat feeding and overeating, common 
problems of Western societies, lead to insulin resistance in both 
the periphery and the central nervous system culminating in hy-
perglycemia and finally type 2 diabetes [7]. One of the earliest stud-
ies on insulin responses in the human brain revealed that, in obese 
humans, the brain is resistant to insulin as reflected by impaired 
cerebrocortical activity which was assessed by magnetoencepha-
lographic measurements [8]. This attenuated brain response to in-
sulin was also observed in subjects with genetically reduced insu-
lin signaling at the level of the IRS-1 pathway [8] or in carriers of 
the FTO risk allele [9]. In obese and diabetic individuals elevated 
levels of circulating long-chain fatty acids (LCFAs) are prevalent and 
predominantly saturated free fatty acids have been suggested as 
causative link between obesity and insulin resistance in the liver 
and the brain [10, 11]. Previously, we demonstrated that impaired 
insulin action in the human brain is associated with increased sat-
urated nonesterified fatty acids (NEFAs) in the serum [10]. Cere-
brocortical activity increased with insulin infusion during a hyper-
insulinemic-euglycemic clamp in healthy subjects, and beta and 
theta activity were predominantly increased whereas overweight 
humans failed to respond to insulin [8]. However the underlying 
mechanisms cannot be easily studied in humans, therefore animal 
models are to be used. High-fat diet based on lard was shown to 
mediate insulin resistance in the mouse brain and impairs cortical 
activity and locomotion, which might further promote glucose in-
tolerance, physical inactivity, and obesity [12].

There is evidence that Toll-like receptors (TLR) 2 and 4 [13] and 
fatty acid binding proteins are involved in SFA-induced signaling in 
nerve tissues with subsequent modulation of intracellular signal-
ing pathways [14]. However, whether such chronically elevated lev-
els of predominantly saturated NEFAs are causal for brain insulin 
resistance, or if impaired insulin action in the brain contributes to 
impaired glucose homeostasis and visceral fat accumulation in the 
long-term remains open.

Research in animals points towards an altered insulin action in 
the periphery by direct effects of different fatty acids in the brain. 
By central administration, short-term hypothalamic accumulation 
of lipid-derived metabolites, such as LCFAs, were shown to play an 
important role in lipid sensing of the brain and subsequent sup-
pression of hepatic glucose production [5, 15, 16]. First evidence 
for an acute effect of brain-derived LCFAs on glucose homeostasis 
was demonstrated by a continuous intracerebroventricular oleic 
acid infusion lasting 6 h which lowered plasma insulin and glucose 
levels under basal physiological conditions in rats [16]. For this ef-
fect, activation of hypothalamic ATP-sensitive potassium (KATP) 
channels is necessary for insulin and lipids to lower hepatic glucose 
production via vagal input to the liver [15, 17]. Regarding brain-
mediated inhibition of hepatic glucose production, LCFAs were 
shown to differentially impair systemic insulin action depending 
on the degrees of unsaturation [18–20], and diet enrichment with 
monounsaturated contrary to saturated fatty acids protected from 
impairments in cerebrocortical activity and brain insulin sensitiv-
ity [12, 20]. Of note, it is suggested that even hyperinsulinemia in 
the presence of hyperlipidemia may impair lipid-sensing mecha-
nisms in the brain as demonstrated by hyperinsulinemic-euglyce-
mic clamp experimental models independent of obesity or diet-
induced hyperinsulinemia [21–24]. Furthermore, an intestine-
brain-liver neural axis was shown to be implicated in the regulation 
of hepatic glucose production by upper intestinal lipids, and he-
patic vagotomy abolished their inhibitory effects on glucose pro-
duction [25]. However, although the liver and the brain share mo-
lecular pathways, one has to mention that opposing physiological 
mechanisms are assumed to balance glucose homeostasis [26] as 
accumulation of LCFAs in the liver reduced liver insulin action and 
increased glucose production [27].

Abovementioned studies gained deep insight into a hypotha-
lamic and intestinal lipid sensing in modulating liver glucose ho-
meostasis through a neural network [15–17, 25, 28]; however, 
these diet- or fatty acids-induced metabolic effects did not reflect 
contemporaneous kinetics. Although previous studies revealed 
that hypothalamic accumulation of LCFA-CoAs, either by intracer-
ebroventricular (i.c.v.)/ intrahypothalamic (i.h.) administered fatty 
acids [16, 29] or by systemic Intralipid infusion [15], led to suppres-
sion of hepatic glucose production, the design of the experiments 
was based on continuous infusions lasting 4 (i. v.) or 6 h (i.c.v./ i.h.). 
Therefore, it remains to be elucidated if such peripheral effects on 
glucose homeostasis are a consequence of the acute fatty acid sign-
aling brain or due to secondary fatty acid-induced brain alterations 
like inflammation. Hypothalamic inflammation is induced within a 
few hours after HFD-onset and may temporarily subside due to 
neuroprotective mechanisms [30]. In this regard, an increase of 
proinflammatory genes such as Il6, Tnfα, and Socs3 was detectable 
within the first 72 h of HFD exposure, but transiently declined to 
baseline values until day 14 due to neuroprotective microglial and 
astroglial responses (accumulation and enlargement) as conse-
quence of the initial insult directed at hypothalamic neurons. This 
indicates that inflammatory processes in the brain, especially in the 
hypothalamus, occur quite rapidly after a fatty acid challenge and 
may be independent of systemic inflammation occurring on a long-
er time scale.

AbbrevIAtIonS

BG blood glucose
CNS central nervous system
CSF cerebrospinal fluid
ECoG electrocorticography
EndoRa endogenous glucose production
GIR glucose infusion rate
HFD high fat diet
i.a. intraarterial
i.c.v. intracerebroventricular
LCFAs long-chain fatty acids
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Thus, the aim of the current study was to develop a method 
which allows to assess simultaneously the early kinetics of brain 
fatty acid signaling as well as the effect on liver function in vivo. For 
this reason, we designed the current study to (i) provide a method 
by which cerebrocortical activity and glucose homeostasis could 
be simultaneously assessed in freely moving mice, (ii) explore 
whether and to what extent centrally applied fatty acids, especial-
ly palmitic acid, simultaneously impact brain activity and hepatic 
glucose production under hyperinsulinemic-euglycemic condi-
tions, and (iii) reveal if contemporaneous, reciprocal changes in 
hepatic gluconeogenesis and glycogenolysis compensate for cer-
ebrocortical activity variations when CSF palmitic acid concentra-
tions and systemic insulin levels were increased.

Materials and Methods

Animals
C57BL/6NTac (Taconic, Ejby Lille Skensved, Denmark) mice were 
bred and housed in a temperature- and humidity-controlled envi-
ronment (12:12 light:dark-cycle) in individually ventilated cages 
(Tecniplast, Hohenpeißenberg, Germany) and in compliance with 
Federation of European Laboratory Animal Science Associations 
protocols. All animals had free access to water and a mouse labo-
ratory chow (Diet#1310, Altromin, Lage, Germany). After weaning, 
male mice were housed in groups. Surgeries were conducted in 
12–14 weeks old mice which were thereafter individually housed 
in cages containing nesting material and dome houses. All proce-
dures were performed according to the guidelines of laboratory 
animal care and approved by the Upper-Bavarian district govern-
ment (AZ 55.2-1-54-2532-153-12).

Surgical procedures
Permanent catheterisation of jugular vein and carotid 
artery
Catheter preparation A permanent catheter, prepared from two 
different tubing, was implanted in the carotid artery for blood 
 sampling in freely moving mice (▶Fig. 1a, 1Sa). A polyethylene 
tub  ing (PE-10, I.D. 0.28 mm, O.D. 0.61 mm, Intramedic, Becton 
Dickinson, New Jersey, USA) was carefully stretched to reduce its 
diameter by approximately 40 %, and the tip was inserted into a 
100 mm piece of silicon tubing (I.D. 0.30 mm, O.D. 0.60 mm, Sani 
Tech, Ohio, USA). A 1 mm ‘sleeve’ prepared from silastic tubing (I.D. 
0.51 mm, O.D. 0.94 mm, Dow Corning, Michigan, USA) was 
stretched with a delicate forceps (RS-5047, Dumont, Montignez, 
Switzerland) and placed over the overlapping catheter area to 
smoothen and stabilize it. During surgery, the catheter was insert-
ed 9 mm into the carotid artery until sleeve-touching, thereby plac-
ing its tip in the entrance area of the aortic arch. The jugular vein 
catheter (▶Fig. 1a, 1Sa) used for substrate infusion consisted   
of a 110 mm long silicon tubing (I.D. 0.30 mm, O.D. 0.60 mm, Sani 
Tech, Ohio, USA) introduced 11 mm into the blood vessel. The po-
sition was marked with liquid silicone, applied like a sleeve around 
the tubing. Both catheter tips were cut blunt with a scalpel to the 
right length.
Surgical catheterization Surgical catheterization was performed 
7 ± 2 days prior to in vivo experiments. Anaesthesia was provided 

by an intraperitoneally applied cocktail of Medetomidin (0.5 mg/kg 
Domitor®), Midazolam (5 mg/kg Midazolamratiopharm® Dormi-
cum) and Fentanyl (0.05 mg/kg Fentanyl® Janssen WdT). Hair was 
removed from a ventral area above the sternum and from the dor-
sal, interscapular surgical site. A vertical midline incision was made 
in the skin above the mandibular glands. After gentle separation 
of the omohyoid from the sternohyoid muscle, the left carotid was 
exposed by carefully detaching the adjacent vagal nerve. Cranial 
the artery was irreversibly ligated (braided silk suture 6-0, Teleflex, 
Conventry, USA) and a vascular clamp (S&T B-1 Vascular clamp, 
F.S.T. Heidelberg, Germany) was placed at the most distal posteri-
or position possible to temporarily stop the blood flow.

After suture material was loosely tied around the exposed ca-
rotid, the blood vessel was punctured with 27-gauge needle. The 
PE-10 catheter tip, prefilled with heparinized saline (200 IU/mL), 
was inserted by enlarging the puncture hole, the vascular clamp 
was released and the catheter advanced until the silicone sleeve. 
The catheter was fixed in position by three ligations.

For jugular cannulation a ventral skin incision approximately 
5 mm to the right of the midline cephalic to the sternum was made 
and the external right jugular vein was exposed. Cranial the vein 
was irreversibly ligated with braided silk suture (6-0, Teleflex,  
Conventry, USA), punctured, and the catheter introduced and fixed in 
position with ligatures. To confirm their patency catheters were 
flushed with heparinized saline. The carotid catheter was filled with 
Taurolock solution (TauroPharm GmbH, Waldbüttelbrunn, Germany). 
Both catheter ends were sealed with tight knots. An interscapular 
skin incision enabled to subcutaneously tunnel catheter ends from 
ventral to dorsal. Catheters were stowed in a subcutaneous skin 
pocket during post-surgical recovery, whereat one strand of ster-
ile surgical silk (Terylene 5-0, Serag, Naila, Germany) was tied to 
each silicone catheter end with a knot and remained partially ex-
posed to recover the catheter ends prior to infusion. Ventral and 
dorsal incisions were closed with sutures (Perma-Hand Seide 5-0, 
Ethicon, Norderstedt, Germany). Silk ends were cut short (~10 mm) 
and soaked with Betaisodona solution. An intraperitoneal injection 
of Atipamezol (2.5 mg/kg, Antisedan®), Flumazenil (0.5 mg/kg, An-
exate® Hexal), and Naloxon (1.2 mg/kg, Naloxon®) antagonized an-
esthesia.

Intracerebroventricular (i.c.v.) cannulation and 
implantation of electrocorticography (ECoG) 
radiotelemetry transmitters
In the second surgery (▶Fig. 1b) an ECoG transmitter (▶Fig. 1Sb) 
and an intracerebroventricular (i.c.v.) cannula for substrate injec-
tion into the CSF (▶Fig. 1Sc) were installed as follows: One day 
after catheterization mice were anaesthetized with isoflurane (1.5 %; 
mixed with 4 L/min oxygen) for insertion of radiotelemetric implants 
and an i.c.v. cannula. Body temperature was maintained at 37 °C, 
and anesthesia depth was determined by respiration rate, vibrissae 
movements, and eyelid reflex. A stereotaxic head holder enabled 
subcutaneous implantation of the telemetry ECoG transmitter  
(TA-F20, Data Sciences International, Minnesota, USA) in anaesthe-
tized mice as previously published [20] (▶Fig. 1Sb). Briefly, two 
ECoG lead wires were connected to screws placed epidurally (1 mm 
anterior to lambda and 1 mm left to the sutura sagittalis; 1 mm an-
terior to bregma and 1 mm right to the sutura coronaria). An i.c.v. 
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cannula (27-G, 7.5 mm in length, B/Braun, Melsungen, Germany) 
(▶Fig. 1Sc) was additionally implanted in the left ventricle (0.3 mm 
posterior and 1 mm lateral relative to bregma, and 3.0 mm down 
the skull surface) to directly inject substances in the cerebrospinal 
fluid. Electrodes and screws were fixed in place with dental acrylic 
cement, whereat special care was taken to avoid entwining cath-
eters and transmitter wires.

Post-operative medication and health monitoring
For pre-emptive analgesia Carprofen (Rimadyl®, 5 mg/kg) was sub-
cutaneously administered and further provided once daily for the 
consecutive two post-surgical days. The recovery of each animal 
was carefully monitored using specific score sheets that defined 
experimental endpoints (▶table 1S).

Fatty acids
A vehicle solution was prepared from absolute ethanol and KRH 
buffer (50 mM HEPES, 137 mM NaCl, 4.8 mM KCl, 1.85 mM CaCl2, 
1.3 mM MgSO4, pH 7.4) supplemented with fatty acid-free BSA 
(75 µM, Serva, Heidelberg, Germany). In this solution, palmitic acid 
(C16:0), oleic acid (C18:1), or linoleic acid (C18:2; all from Cayman 
Chemical, Michigan, USA) were solubilized (2.92 mM final concen-
tration). Thus, by infusing 5 µl in the cerebrospinal fluid of the 
mouse, a final concentration of 225 µM (containing 0.11 % EtOH) 
was achieved.

I.c.v. application and radiotelemetric measurements
Mice recovered 8 days from surgeries. To acclimatize mice to the 
experimental environment each individual was transferred to a 

▶Fig. 1 Synchronous assessment of cerebrocortical activity and insulin action in freely moving mice. a Installed silicone catheter inserted into the 
right jugular vein and silicone-polyethylene catheter introduced into the left carotid artery after careful vagal nerve separation. b Each indicated wire 
(red and white dashed lines) connects an epidural screw with the telemetry electrocorticography transmitter. c,d Depiction of the time line c and 
setup d for the simultaneous assessment of brain activity and hepatic glucose homeostasis. During the clamp and simultaneous radiotelemetry 
recordings, blood samples are taken every 10 min to measure blood glucose. The glucose infusion rate is adjusted accordingly to maintain euglyce-
mia. Baseline samples for blood glucose, plasma insulin, and plasma [3-3H]-glucose are taken at t = -10 and 0 min.

Insulin infusion
(constant rate)

a d

b

c

Glucose infusion
(variable rate)

Carotid extension
(blood sampling)

Transmitter
(s.c.)

Jugular
extension
(infusion)

Data acquisition

Faraday cage, grounded

Cage with bedding

Data exchage matrix
(Multiplier)RPC1 receiver

Acclimatization/Equilibration

Food withdrawal

Locomotor activity
Cortical activity

I.c.v. injection

– 360’ – 120’ 0’

– 10’ 10’ 20’ 30’ 40’ 50’ 60’ 70’ 80’ 90’ 100’ 110’

120’

Blood samples

Variable 20 % glucose infusion

Insulin infusion (2.5 mU/kg body mass*min)

Euglycemic-hyperinsulinemic clamp
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plastic container (diameter 170 mm) with home-cage bedding at 
6 a.m. (t =  − 360 min) with no access to food but free access to 
water (▶Fig. 1d). After 4 h food deprivation (t =  − 120 min) a vol-
ume of 5 µL vehicle (n = 8) or fatty acid solution (n = 6-8/group) was 
delivered at a flow rate of 2 µL/min. The infusion was performed by 
connecting the cannula via a polyethylene catheter to a microper-
fusion pump (CMA/Microdialysis, Solna, Sweden). Telemetry sig-
nals (ECoG and locomotion) were recorded continuously until the 
end of the experiment (t = 120 min).

Euglycemic hyperinsulinemic clamps
Catheter ends were recovered, opened, and the fluid in the catheters 
was gently aspirated and discarded. The catheters were flushed with 
a sterile heparinized saline (10 U heparin/mL saline) solution and con-
nected to micro-renathane tubing (Braintree Scientific, Massachu-
setts, USA) using a fine dosage syringe (Omnifix F, Braun, Melsungen, 
Germany). The venous catheter was used for substrate infusion per-
formed with a microperfusion pump (CMA, Microdialysis, Solna, 
Sweden). The carotid catheter was used to withdraw blood and 
clamped between blood sampling to avoid reflux. Withdrawn blood 
volume was 50 µL at t = 10 min, and 25 µL at t = 90, 100, 110, and 
120 min. Blood volume was calculated with hematocrit = 40 %. The 
equilibration period of 120 min (t = -120 min, prior to insulin infu-
sion) was started with injecting a 37 kBq [3-3H]-glucose bolus via the 
jugular vein catheter followed by a continuous infusion of [3-3H]-
glucose at a rate of 1.85 kBq/min. At minute t = -10 an arterial blood 
sample for basal plasma glucose, [3-3H]glucose and insulin measure-
ments was collected in potassium-EDTA-coated tubes (Microvette 
CB300, Sarstedt, Nürnbrecht, Germany). At t = 0 min, the start of the 
euglycemic-hyperinsulinemic clamp, insulin (15 pmol/kg * min-1; 
HumulinR, Lilly, USA) and [3-3H]-glucose (3.7 kBq/min) were infused 
via the jugular vein catheter. Glucose concentrations in arterial blood 
were measured every 10 min (Bayer Contour, Germany) and blood 
glucose fluctuations adjusted by varying the rate of a 20 % glucose 
solution (Glucose Infusion Rate, GIR). After 80 min (t = 80 min) addi-
tional blood was collected, plasma harvested and further used for 
determination of plasma tracer radioactivity, insulin (mouse insulin 
ELISA, Mercodia, Uppsala, Sweden), and glucose (LabAssayTW Glucose, 
Wako Chemicals, Richmond, USA) concentration measurements. All 
infusions were performed with microperfusion pumps (CMA402, 
Solna, Sweden) and radioisotopes were purchased from Perkin Elmer 
(Boston, USA). At the end of experiments animals were killed with 
i.a. ketamine/xylazine.

ECoG data pre-processing
Pre-processing of ECoG measurements was performed using fast 
Fourier transformation (FFT) for different frequency bands (theta 
(4–8 Hz), beta (12–30 Hz)) to calculate the power spectral density 
in (μV2/Hz). Inter-individual variation in baseline cortical activity 
was excluded by expressing the data for the ECoG power density as 
percentage change from baseline ([3-3H] glucose bolus (0.05 µCi/
min) lasting 120 min with 0 % as baseline. Data are presented as 
mean ± SEM for the injection period with [3-3H] glucose bolus 
(0.1 µCi/min); insulin (2.5 mU/kg/min) and a variable 20 % glucose 
infusion lasting 120 min. ECoG signals were acquired digitally by 
using Somnologica Science software (version 3.3.1; Medcare,  
Reykjavík, Iceland) and NeuroScore software (version 3.0; DSI).

Statistical analysis for ECoG data and parameters of 
glucose homeostasis
For detecting differences in time courses of ECoG and glucose ho-
meostasis parameters (endogenous glucose production (EndoRa), 
blood glucose (BG), glucose infusion rate (GIR)) a functional test 
was employed [31]. Two-dimensional Pearson correlation patterns 
were applied for every pair of parameters and within each of the 
four treatment and vehicle groups. Frequency bands were availa-
ble at intervals of two seconds over the euglycemic-hyperinsuline-
mic clamp time span of 120 min, and the last 40 min (t = 80–
120 min) were defined as steady state. Due to computational anal-
ysis effort, frequency band measurements were aggregated by 
local averaging such that time series contained no more than 500 
measurements. Such aggregation may cause higher correlations 
than one would observe in non-aggregated data [32]. Only differ-
ences between groups and not absolute values of the correlations 
were investigated. Having calculated correlation patterns for two 
groups, differences between the two matrices were calculated and 
summed up over all absolute values of the resulting matrix. This 
yielded our test statistic. For permutation testing mice were ran-
domly assigned to any of the two considered groups for 500 times, 
and the above calculation of the test statistic was repeated for every 
such assignment.

Results
We first established the combination of two highly complex tech-
niques - radiotelemetry ECoG and the glucose clamp technique - to 
simultaneously assess brain activity and whole body- and organ-spe-
cific insulin action in freely moving mice (▶Fig. 1d). Surgeries were 
performed on two consecutive days to substantially enhance the 
survival rate and post-surgical recovery of mice with a body 
mass > 25 g. Each animal received extensive post-surgical care and 
its recovery was scored daily (▶table 1S). Following a decrease in 
body mass in the first two post-surgical days (9.5 ± 1.1 % body mass 
change from pre-surgical body mass), 90 % of mice increased and al-
most completely restored their pre-surgical body mass (▶Fig. 2Sa).

In vivo experiments were conducted eight days after the first 
surgery (▶Fig. 1c) as elongation of the post-surgical recovery pe-
riod limited the functionality of the catheters and i.c.v. cannula. 

▶video. 1 C57BL/6NTac mouse with permanent catheterisation of 
jugular vein and carotid artery, intracerebroventricular (i.c.v.) can-
nula and implanted radiotelemetry transmitter for electrocorticogra-
phy (ECoG) measurements. The mouse, located in a Faraday cage, 
well tolerates the combination of ECoG recordings and euglycemic-
hyperinsulinemic clamps and is able to move freely and without 
restriction of its normal physical behavior.

  VIDEO

https://doi.org/ 
10.1055/a-0735-9533
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Four-hour fasted mice were transferred to a Faraday cage when te-
lemetry signal recording was started (minute -120) (▶Fig. 1c,d). 
Radiotelemetric ECoG recordings were continuously assessed and 
in parallel, 6 h after food withdrawal, a 120 min-lasting euglycemic-
hyperinsulinemic clamp was performed using a constant insulin in-
fusion (2.5 mU/kg body mass * min) and maintaining euglycemia 
by a variable 20 % glucose infusion (▶Fig. 1c,d). The mice well tol-
erated the combination of ECoG recordings and euglycemic-hyper-
insulinemic clamps and were able to move freely and without re-
striction of their normal physical behavior (video 1).

To examine whether co-signaling of specific fatty acids in the 
brain influences brain activity and simultaneously alters liver glu-
cose homeostasis under hyperinsulinemic-euglycemic clamp con-
ditions, we randomized four experimental groups. Lean, healthy 

C57BL/6NTac male mice were intracerebroventricularly injected 
either with a saturated (palmitic acid, C16:0), monounsaturated 
(oleic acid, C18:1), or polyunsaturated (linoleic acid, C18:2) fatty 
acid or vehicle solution. I.c.v. application per se initially caused an 
increase of cerebrocortical activity independent of the fatty acids 
(▶Fig. 2a,b, 3a,b), whereas palmitic acid elicited the most pro-
nounced acute effect on cerebrocortical activity and caused a sig-
nificant decrease of theta (▶Fig. 2a) and beta frequency (▶Fig. 2b) 
under hyperinsulinemic clamp-conditions predominantly in the 
steady state (t = 80–120 min). Blood glucose (BG) levels conformed 
euglycemic conditions and were kept constant and near basal lev-
els in all groups (▶Fig. 2Sb and ▶Fig. 3d).

We next investigated whether insulin-mediated locomotion, as 
previously demonstrated by i.c.v. applied insulin [12, 20], was af-
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▶Fig. 2 Cerebrocortical activity, locomotion, endogenous glucose production (EndoRa) and glucose infusion rate (GIR) modulated by acutely 
intracerebroventricularly (i.c.v.) injected palmitic acid. Solutions of palmitic acid (C16:0) or vehicle were i.c.v. injected and theta a and beta b fre-
quencies, locomotion c, EndoRa e and GIR f were assessed during the equilibration period (t =  − 120 min, prior to insulin infusion with a continuous 
infusion of [3-3H]-glucose) (cerebrocortical activity and locomotion) and the euglycemic-hyperinsulinemic clamp (cerebrocortical activity, EndoRa, 
GIR). Data are mean ± SEM of n = 8/group; data of each group are averaged over an interval of 30 min;  * P < 0.05. d 2D time-resolved Pearson correla-
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fected by fatty acid co-signaling in the brain. By comparing sepa-
rate time points during the clamp studies, neither i.c.v. palmitic 
acid (▶Fig. 2c, 3Sa) nor oleic or linoleic acid (▶Fig. 3c, 3Sb) had 
any significant effect on locomotion, either during hyperinsuline-
mic clamp conditions. This was further clarified by univariate anal-
ysis of time-resolved differences at 95 % confidence level (grey 
shaded area in ▶Fig. 3Sa,b) between the respective groups. As the 
confidence band does cover the zero line (equates to functional 
mean difference; solid line in ▶Fig. 3Sa,b), no significant difference 
resulted for the parameter locomotion or group comparison.

Of note, despite the marked decrease of brain activity in the 
theta and beta frequency bands during hyperinsulinemic-euglyce-

mic clamp conditions, systemic insulin infusions led to a reduction 
in endogenous glucose production (EndoRa) in the presence of pal-
mitic acid co-signaling in the brain (▶Fig. 2e). Palmitic acid (C16:0) 
resulted in the most distinct inhibition of EndoRa compared to both 
unsaturated fatty acid species and vehicle (▶Fig. 3e), and glucose 
infusion rate (GIR) was significantly elevated in the steady state by 
C16:0 (▶Fig. 2f) and C18:2 (▶Fig. 3f), whereas oleic acid did not 
show any difference to vehicle (▶Fig. 3f). This amplification of sub-
sequent peripheral insulin infusion indicates a higher whole-body 
insulin sensitivity which might contemporarily counteract acutely 
impaired brain activity.
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To further assess the individual and integrated effects of the two 
experimental interventions – the simultaneous assessment of cer-
ebrocortical activity and whole body insulin action in freely mov-
ing mice – we investigated each experimental parameter in a two-
way ANOVA, comparing mice before/during the glucose clamp and 
with/without i.c.v. applied fatty acids. As expected interaction plots 
revealed an increase of theta (▶Fig. 4a) and beta (▶Fig. 4b) fre-
quencies in the vehicle group through systemic insulin infusion 
(clamp) compared to no-clamp condition, represented by a posi-
tive rise. Most pronounced effects were apparent between vehicle 
and C16:0 in all frequency bands of cerebrocortical activity. We 
found significance for theta (▶Fig. 4a) and beta (▶Fig. 4b) fre-
quencies in terms of clamp, fatty acid and interaction. Notably, in 
all cases, C16:0 caused a significantly decreased brain activity as 
compared to vehicle, and this impairment persisted significantly 
during the simultaneous glucose clamp and even further deterio-
rated brain activity.

Discussion
The present study provides new insight into a simultaneous effect of 
short-time accumulation of different fatty acid species on brain activ-
ity and hepatic glucose production in mice by using combined radio-
telemetry and hyperinsulinemic-euglycemic clamp approaches. This 
is, to our knowledge, the first study revealing the time response of dif-
ferent intracerebroventricularly applied fatty acid species on brain ac-
tivity and its contemporaneous effect on glucose homeostasis under 
hyperinsulinemia. Here, we showed that palmitate co-signaling in the 
brain is sufficient to attenuate brain activity in both theta and beta fre-
quencies but amplified insulin action in the periphery as demonstrat-
ed by a significant inhibition of endogenous glucose production and 
increased glucose infusion rate. These results may indicate a contem-
poraneous counter-regulation of the liver in response to attenuated 
brain activity, and emphasize the brain as regulator of palmitate-in-
duced modulation of hepatic glucose production. In this regard, pre-
vious work demonstrated that hypothalamic lipid sensing modulates 

liver glucose homeostasis through a neural network [15, 16, 28]. For 
instance, i.c.v. applied oleic acid lasting 6 h resulted in a lower glucose 
production and food intake in rodents [16], and intravenously infused 
Intralipid, a mixture of different fatty acid species of different degrees 
of unsaturation, was shown to regulate hepatic glucose production 
through hypothalamic signaling [15]. However, the conclusions of 
these studies are related to an infusion for hours and did not reflect 
contemporaneous kinetics revealing the time response of short-term 
brain accumulation of different fatty acid species. This is of importance 
as e. g. hypothalamic inflammation is induced within a few hours after 
HFD-onset and may temporarily subside due to neuroprotective 
mechanisms [30].

Further, it is to acknowledge that in light of our findings, hyper-
insulinemic clamp conditions have a pivotal role in simultaneously 
modulating peripheral insulin action by palmitate co-signaling in 
the brain. Our results suggest that increased systemic insulin con-
centrations are necessary in parallel to palmitate co-signaling in 
the brain to attenuate brain activity in the theta and beta frequen-
cies on the one hand and, remarkably, to amplify peripheral insu-
lin action on the other hand.

Future experiments are necessary to characterize and elucidate 
the molecular signaling mechanisms underlying the insulin-ampli-
fied effect on hepatic glucose production when brain activity is si-
multaneously attenuated by palmitate co-signaling in the brain. 
However, with regard to palmitic acid, one might assume that pal-
mitic acid elevates the intracellular ceramide content by increasing 
rates of de novo ceramide synthesis, potentially via TLR4 activation 
[33], that inhibit AKT and activates NFĸB signaling [34, 35], thus 
influencing hepatic glucose production in our study. Moreover, iso-
forms of protein kinase C (PKC-δ, PKD-θ, and PKC-ε) might be fur-
ther activated which subsequently phosphorylate and activate ATP-
sensitive potassium (KATP) channels as LCFAs-CoA and the lipid- 
derived metabolite diacylglycerol were shown to activate PKC iso-
forms [36, 37]. Of note, activation of KATP channels in the hypothal-
amus by drug infusion for hours was shown to be sufficient and ob-
ligatory for lipid-sensing in the brain to inhibit glucose production 
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[15, 17]. Regarding the impaired brain activity by palmitate co-
signaling in the present study, one might speculate about an acti-
vation of KATP channels in the brain which induces membrane hy-
perpolarization and therefore reduces the firing rate of neurons. 
This effect was more apparent when systemic insulin concentra-
tions were increased during clamp conditions resulting in an addi-
tional attenuation of brain activity. As insulin was shown to equal-
ly activate KATP channels in hypothalamic neurons in vitro and  
in vivo [38, 39], one might speculate about the necessity of insulin, 
which penetrates the blood-brain barrier [40, 41], in addition to 
palmitate co-signaling in the brain to reach the threshold in terms 
of hyperpolarization.

Although the intracerebroventricular application route points 
to a predominant role of regions and neuronal populations within 
the hypothalamus, it remains to be determined which brain regions 
are causative for the impairment of cerebrocortical activity and 
subsequent modulation of hepatic glucose production. For in-
stance, it is known that neurons of hypothalamic areas project to 
other brain areas such as the hindbrain to regulate feeding [42], 
and a forebrain-hindbrain neuronal circuit was further described in 
mediating lipid-sensing mechanisms in the hypothalamus to inhib-
it glucose production [43]. In line with our findings, it is to be as-
sumed that secondarily connected brain areas such as the hip-
pocampus or the cerebral cortex are involved therein since effects 
on theta and beta activity could be revealed.

In summary, we set up a novel technique for the simultaneous 
assessment of brain activity by electrocorticography (ECoG) and 
insulin action in euglycemic-hyperinsulinemic clamps in freely mov-
ing, healthy, lean mice, combined with an intracerebroventricular 
application route. With this study we gained, for the first time, new 
insights into the time response of different intracerebroventricu-
larly applied fatty acid species on brain activity and its contempo-
raneous impact on hepatic glucose production under hyperinsu-
linemia.

We conclude that palmitate co-signaling in the brain attenuates 
brain activity more when systemic insulin concentrations are in-
creased. Such a transient reduced brain activity might be impor-
tant for a contemporaneous hepatic counter-regulation to amplify 
peripheral insulin action. Moreover, results from human studies are 
somewhat limited by the fact that no mechanistic and molecular 
relationship between brain activity, insulin sensitivity and pancre-
atic beta-cell function could be revealed in which brain insulin de-
sensitization comes along with human obesity, commonly associ-
ated with hypertriglyceridemia. As intracerebroventricular inter-
ventions or intranasal application of fatty acids cannot be 
undertaken in humans, the use of murine models as widely used 
and accepted research models of human neurological and meta-
bolic diseases may be indicated.

Our methodological approach will be elemental for future as-
sets that aim at better understanding the time-dependence of 
complex pathways involved in the bidirectional interplay between 
the brain and the periphery. Furthermore, the technique is highly 
suitable for substrate applications into the CSF as well as the arte-
rial and venous blood pool. This will be of high value when conduct-
ing functional studies or testing pharmacological interventions for 
novel disease-modifying treatments in small laboratory rodents.
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