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Circulating insulin is thought to provide a major feedback signal for the hypothalamic regulation of energy
homeostasis and food intake, although this signaling
appears to be slowed by a time-consuming blood-tobrain transport. Here we show, by recording direct
current potentials, a rapid onset of the effects of circulating insulin on human brain activity. Recordings were
obtained from 27 men who were intravenously injected
with insulin (0.1 mU/kg body wt as bolus) and placebo.
In a euglycemic condition, hypoglycemia was prevented,
while in the hypoglycemic condition, plasma glucose
reached a postinjection nadir of 43 mg/dl. Insulin injection induced a marked negative direct current (DC)
potential shift starting within 7 min in all subjects. With
euglycemic conditions, the DC potential at 10 – 60 min
postinsulin injection averaged ⴚ621.3 V (compared
with preinjection baseline). Hypoglycemia reduced this
potential to an average of ⴚ331.2 V. While insulin per
se did not affect oscillatory electroencephalographic
activity, hypoglycemia peaking 25 min after insulin
injection was accompanied by an immediate increase in
 activity. The rapid emergence of the DC potential
shift, reflecting gross ionic changes in brain tissues,
indicates that systemic insulin can serve as an immediate feedback signal in the control of hypothalamic and
higher brain functions. Diabetes 53:2202–2208, 2004

S

ystemic insulin plays an important role as a
neuromodulator in the brain, which itself does
not synthesize insulin (1,2). In particular, circulating insulin has been proposed to serve as a
major negative feedback signal to the brain in the regulation of energy homeostasis and food intake behaviors
(2– 4). Research in animals consistently supports the notion that insulin after intracerebroventricular administration acts to inhibit feeding behaviors (5) and the
expression of neuropeptide Y in the hypothalamus (6). A
recent study (7) demonstrated that hypothalamic insulin

signaling is even necessary for the inhibition of hepatic
glucose production.
Systemic insulin predominantly accesses the brain via a
saturable active transendothelial transport across the
blood-brain barrier (BBB) (8). Measures of insulin uptake
into cerebrospinal fluid (CSF) after intravenous administration in dogs and humans have indicated a slow passage
to the brain compartment over periods of several hours,
with a detectable increase in CSF insulin levels following
the systemic increase by 15-30 min (9,10). Hence, the
question arises regarding the temporal dynamics of the
impact of insulin on brain function: Can insulin provide an
immediate feedback signal that may, for example, be
involved in the acute regulation of eating behavior and
satiety? Here, by measuring scalp-recorded direct current
(DC) potentials, we provide evidence that systemic insulin
induces gross changes in brain activity within minutes.
These findings indicate that insulin may be a rapidly acting
feedback signal in humans that acutely reports food intake
to the brain, thereby possibly contributing to feelings of
satiety and suppression of hunger. Apart from that, recording oscillatory electroencephalogram (EEG) activity revealed an increase in  activity induced by hypoglycemia.
We examined the effects of insulin in healthy men after
an intravenous bolus injection of 0.1 mU/kg body wt while
blood glucose was maintained (insulin-eu) or allowed to
drop (insulin-hypo) to separate the effects of insulin from
those of hypoglycemia. A third group of subjects received
placebo. The EEG was recorded because it has proven to
be highly sensitive to hypoglycemic influences in many
previous studies (11,12). DC potential recordings were of
particular interest because they are able to reveal the
gradual modulation of brain activity that arises from
widespread ionic changes in extracellular space, including
major contributions of glial origin (13,14). Also, DC potentials were found to be sensitive to food intake in hungry
men (15).
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Germany; and the 2Department of Internal Medicine I, University of Lübeck,
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A total of 27 right-handed, healthy men participated in the experiments. They
gave written informed consent before the experiments, which were approved
by the local ethics committee. We randomly assigned subjects to one of three
experimental groups (n ⫽ 9 each): insulin-eu (aged 24.3 ⫾ 1.2 years, BMI
22.0 ⫾ 0.6 kg/m2 [means ⫾ SE]), insulin-hypo (aged 25.4 ⫾ 1.0 years, BMI
23.8 ⫾ 0.7 kg/m2), and placebo (aged 26.7 ⫾ 1.0 years, BMI 23.3 ⫾ 0.7 kg/m2).
Volunteers reported to the laboratory at 0800 after an overnight fast of 10 h.
During recordings, subjects sat in a reclining chair in a sound-attenuated room
of constant temperature with their heads stabilized by a cushion. We inserted
venous cannulas into the subjects’ arms and connected them to tubes enabling
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infusion and blood sampling from an adjacent room without awareness of the
subject. The arm from which samples were taken was positioned in a heated
box (55°C) to enable drawing of arterialized venous blood. We instructed
subjects to relax, to remain still during recordings, and to fixate their gaze on
the wall in front of them. Subjects pressed a button every (estimated) 30 s to
induce a constant state of mental activity. We monitored constant pressing of
the button (one to two times per minute) to assure that each subject was alert
and did not doze off during the recording epoch. Analysis of button press
responses did not reveal differences in time estimation among the conditions.
Furthermore, any signs of sleep were excluded by online monitoring of the
EEG recordings.
Recordings of DC potentials and EEG started at 0930 with a baseline phase
of 30 min, after which a bolus of insulin (0.1 mU/kg body wt; H-insulin; Aventis
Pharma, Bad Soden, Germany) or placebo was injected (t ⫽ 0). In the
additional experiments using intranasal administration, subjects received six
puffs (three in each nostril), each containing 0.1 ml (10 IU) of insulin or
vehicle, with a nasal spray atomizer over a period of 45 s. The total dose of
insulin was 60 IU. Recordings were continued for 90 min after insulin
administration. Arterialized blood was drawn at 5-min intervals to monitor
plasma glucose concentration (Glucose Analyser; Beckman Coulter, Munich,
Germany). After insulin injection, the insulin-eu group intravenously received
a 20% glucose solution at a variable rate to maintain normal plasma glucose
levels. In the insulin-hypo condition, we allowed plasma glucose levels to drop
to ⬃40 mg/dl and then reconstituted them by infusing glucose. In the placebo
condition, we infused saline solution. We collected blood samples for the
determination of hormonal parameters every 15 min from ⫺30 to 0 min, every
5 min between 0 and 60 min, and again every 15 min thereafter.
Recordings. Standard recordings of DC potentials, EEG, electrooculogram
(EOG), and electromyogram (EMG) were performed as described previously
(16,17). For DC potential and EEG recordings, removing the outer layers of
the skin with abrasive paste and puncturing the scalp at three points
prevented contamination from skin potentials. Nonpolarizable Ag/AgCl electrodes (8 mm diameter; In Vivo Metric, Healdsburg, CA) were mounted onto
clip-on electrode sockets attached with collodion and filled with electrode gel
(Electrode Electrolyte; TECA, Pleasantville, NY). Electrodes had been connected pairwise via electrode gel for 1 h to reduce bias potentials.
We obtained EEG recordings from left and right frontal (F3, F4), frontocentral (FC3, FC4), and central (C3, C4) electrodes referenced to linked
electrodes at the mastoids. A SynAmps DC amplifier (low-pass filter, 30 Hz;
sampling rate of 100 Hz; NeuroScan, Herndon, VA) was used. DC potential
drifts with short-circuited input were constantly ⬍5 V/h. Electrode impedance, measured before and after recordings, never exceeded 5 k⍀. The EOG
was registered from electrodes attached at the outer canthi of the eyes
(horizontal EOG) and 1 cm below and above the right eye (vertical EOG).
Filter setting was as for DC recordings. The EMG was recorded from
submental electrodes with high- and low-pass filters at 10 and 70 Hz, respectively.
Average DC potential values were determined offline for subsequent 30-s
intervals. We removed linear potential drifts during the 30-min baseline period
extending into the 90-min postinjection period using a linear regression
method. Applying this procedure over such extended recording intervals is
presumed to minimize the risk of type I or II errors and to result in improved
signal-to-noise ratio (18). Periods where EMG or EOG indicated increased
muscular activity or eye movements were excluded from analysis. The
average DC potential during baseline was set to 0 V, and potential shifts
during treatment were expressed as difference values. Analysis of rhythmic
EEG activity was based on power spectral analyses using a fast fourier
transformation. Spectra were determined for subsequent 30-s epochs of EEG
activity throughout the total recordings. The power spectrum for every 30-s
epoch was calculated by averaging the fast fourier transformation of five
segments of 1,024 EEG data points, each corresponding to 10 s of EEG
recorded at a sampling rate of 100 Hz. The segments overlapped by half the
data points (i.e., 512 points). To reduce errors induced by edge effects, the
signal was tapered toward zero at the extremes of each data segment with a
raised cosine window. Average log power values for the ␦ (0.5– 4 Hz),  (4 – 8
Hz), ␣ (8 –12 Hz), and ␤ (12–25 Hz) frequency bands were standardized with
reference to average power during the 30-min baseline and combined for
every 5 min of experimental time.
Blood hormone concentrations. We used routine assays to determine
concentrations of serum insulin (Pharmacia Insulin RIA 100; Pharmacia
Diagnostics, Uppsala, Sweden), growth hormone (human GH radioimmunoassay; Biermann, Bad Nauheim, Germany), and plasma ACTH (LUMI test
ACTH; Brahms Diagnostica, Berlin, Germany). Plasma epinephrine was determined by high-performance liquid chromatography with electrochemical
detection.
Statistical analysis. Initially, we evaluated differences in DC potential values
and EEG band power among conditions on an exploratory basis by pointwise
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comparisons using t tests to identify the time ranges with the most consistent
differences, as indicated by an accumulation of statistical significances in the
pointwise comparisons for at least one electrode site (19,20). Values for these
time intervals were then subjected to ANOVA, including a group factor of
condition and a repeated measures factor for topography (electrode locations). Degrees of freedom were corrected using the Greenhouse-Geisser
procedure. Post hoc contrasts were used to specify significant ANOVA main
effects and interactions. The time ranges selected for analyses turned out to
cover 10 – 60 min and 25–50 min postinjection for the DC potentials and 25–30
min postinjection for EEG activity. For the EEG band power analysis, two
subjects from the insulin-hypo group and, for the DC potential analysis, one
subject from the insulin-eu group, two subjects from the insulin-hypo group,
and two subjects of the placebo group had to be excluded due to a technical
failure and artifacts of apparent nonbiological origin. Baseline-adjusted hormonal parameters were analyzed with t tests. A P value ⱕ0.05 was considered
significant.

RESULTS

Plasma insulin and glucose levels following insulin
injection. Injection of insulin induced a sharp rise in
plasma insulin levels to peak values of 394.2 ⫾ 32.3 U/ml
(insulin-eu) and 369.1 ⫾ 32.9 U/ml (insulin-hypo) 5 min
after injection (Fig. 1A). Subsequently, insulin levels
dropped quickly and recovered within 45 min, although
they were still higher than after placebo at the end of the
recording (insulin-eu 11.0 ⫾ 1.39 U/ml, insulin-hypo
11.9 ⫾ 1.7 U/ml, placebo 6.3 ⫾ 1.0 U/ml, P ⬍ 0.02).
Glucose concentrations in the insulin-eu condition remained constant and comparable with levels after placebo
injection (P ⬎ 0.17). In the insulin-hypo condition, glucose
concentrations were decreased 15–35 min after insulin
administration, falling to nadir values of 43.6 ⫾ 1.8 mg/dl
30 min postinjection (P ⬍ 0.001, for comparisons with
insulin-eu and placebo).
Strong negative DC potential shift upon insulin injection. The DC potential showed a marked negative shift
shortly after insulin injection, which reached maximum
values exceeding ⫺600 V (in the insulin-eu condition)
⬃40 –50 min postinjection and proceeded to decline only
marginally toward the end of the recording epoch (Fig.
1B). While this negative DC shift was observed in both the
insulin-eu and the insulin-hypo condition, it was more
pronounced when euglycemia was maintained.
The analyses of average DC potential levels for the
10 – 60 min postinjection interval confirmed a distinctly
greater negative potential level in the insulin-eu condition
than in the placebo [F(1,13) ⫽ 22.42, P ⬍ 0.001] or
insulin-hypo conditions [F(1,13) ⫽ 4.84, P ⬍ 0.05;
F(2,19) ⫽ 9.06, P ⬍ 0.01, for the effect of treatment] (Table
1). The average negative potential in the insulin-hypo
condition also differed significantly from the placebo level
25–50 min postinjection [F(1,12) ⫽ 6.06, P ⬍ 0.05]. Comparisons with preinjection baseline levels confirmed significance for the negative DC potential 10 – 60 min after
injection of insulin, when euglycemia was maintained
[F(1,7) ⫽ 44.16, P ⬍ 0.0003], and for the negativity in the
insulin-hypo condition 25–50 min postinjection [F(1,6) ⫽
8.98, P ⬍ 0.03]. Although the negative shift in the insulinhypo condition appeared to be more pronounced on the
right than left side, topographical differences among the
electrode locations were nonsignificant (P ⬎ 0.3, for
effects of topography). In the placebo condition, there
were no significant changes in the DC potential during the
intervals of interest (P ⬎ 0.22, for respective comparisons
with baseline values). Analyses of single time points
revealed that (at the frontal leads) the negative DC poten2203
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FIG. 1. Plasma insulin and glucose levels and DC
potentials. A: Mean (ⴞSE) plasma concentrations
of insulin (left) and glucose (right) between 30
min before and 90 min after injection of insulin
and placebo (at 0 min). B: Average DC potentials
(over all subjects) recorded from left and right
electrodes over frontal (F3, F4, respectively),
frontocentral (FC3, FC4), and central (C3, C4)
cortical areas for the same time interval. In one
condition (insulin-eu, red line), the effects of
insulin on plasma glucose concentration were
compensated by infusion of glucose (n ⴝ 8). In the
other condition (insulin-hypo, green line), hypoglycemia upon insulin injection was not prevented
(n ⴝ 7). The placebo (blue line) injection of saline
solution also was at t ⴝ 0 (n ⴝ 7). The average
potential during baseline was set to 0 V. Rows of
asterisks indicate significance (P < 0.05) for
pointwise comparisons between the potential levels in the placebo condition and the insulin-eu
condition (upper row) and the insulin-hypo condition, respectively (lower row). Shaded areas
indicate the time course of insulin plasma concentrations during the insulin-eu condition. C: DC
potential (averaged over all recording sites and
subjects) following intranasal administration (t ⴝ
0) of 0.6 ml (60 IU) insulin (red line) and placebo
(blue line) in seven subjects. Significant differences among conditions are indicated (P < 0.05,
one-sided t test).

tial shift in the insulin-eu condition attained significance
within 7 min after insulin injection compared with baseline
and after 10 min compared with placebo potential levels

(Fig. 1). In the insulin-hypo condition, the negative DC
shift did not reach significance (at F4) until 17 min
postinjection compared with baseline levels.

TABLE 1
DC potential levels after insulin injection
Site

Insulin-eu

Insulin-hypo

Placebo

P (insulin-eu vs.
placebo)

P (insulin-eu vs.
insulin-hypo)

F3
FC3
C3
F4
FC4
C4

⫺629.5 ⫾ 120.5
⫺648.1 ⫾ 95.4
⫺598.7 ⫾ 96.4
⫺634.6 ⫾ 103.8
⫺704.5 ⫾ 105.8
⫺515.3 ⫾ 90.5

⫺230.7 ⫾ 108.0
⫺279.5 ⫾ 141.8
⫺264.7 ⫾ 121.1
⫺357.0 ⫾ 110.3
⫺425.5 ⫾ 133.4
⫺254.9 ⫾ 134.5

⫺82.0 ⫾ 85.6
⫺182.8 ⫾ 75.2
⫺102.0 ⫾ 59.9
⫺72.3 ⫾ 56.0
⫺114.8 ⫾ 57.4
⫺167.1 ⫾ 65.7

⬍0.003
⬍0.0006
⬍0.0002
⬍0.0003
⬍0.0002
⬍0.02

⬍0.03
⬍0.05
⬍0.05
⬍0.09
⬍0.12
⬍0.12

Data are means ⫾ SE. Average DC potential levels (in V) over left and right frontal (F3, F4), frontocentral (FC3, FC4), and central (C3, C4)
cortical areas 10 – 60 min following intravenous injection of insulin. In the euglycemic condition (insulin-eu, n ⫽ 8), plasma glucose levels
were held constant subsequent to insulin injection. In the hypoglycemic condition (insulin-hypo, n ⫽ 7), plasma glucose levels were allowed
to drop to 40 mg/dl. In the placebo condition (n ⫽ 7), saline solution was injected. DC potential values indicate differences from baseline (set
to 0 V). The two right columns indicate significance for differences between insulin-eu and placebo (left) and between insulin-eu and
insulin-hypo (right).
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FIG. 2. EEG  power. Mean (ⴞSE) log  power for frontal
(F3, F4) and frontocentral (FC3, FC4) electrode positions
during a 30-min baseline phase and a 90-min postinjection
interval for three treatment conditions: insulin-eu (red
line), injection of insulin at t ⴝ 0 with plasma glucose
levels kept constant by glucose infusion (n ⴝ 9); insulinhypo (green line), insulin injection at t ⴝ 0 followed by
hypoglycemia (n ⴝ 7); and placebo (blue line), injection of
saline solution at t ⴝ 0 (n ⴝ 9). Average power during
baseline is set to zero. *P < 0.05, insulin-hypo vs. placebo.

Stimulation of EEG  activity by hypoglycemia. Analyses of oscillatory EEG activity yielded consistent effects
for the  frequency range (4 – 8 Hz) only.  power selectively increased in the insulin-hypo condition during the
time of maximum hypoglycemia, i.e., 25–30 min after
insulin injection [F(2,22) ⫽ 3.68, P ⬍ 0.04, for treatment
effect; P ⬍ 0.05 for pairwise comparisons with insulin-eu
and placebo conditions] (Fig. 2). In comparisons at single
electrode sites, the increase in  activity accompanying
hypoglycemia appeared to be most robust at the frontal
leads [compared with placebo at F4 and FC4, F(1,14) ⫽ 5.3
and 4.8, respectively, P ⬍ 0.05; vs. insulin-eu at F3 and F4,
F(1,14) ⫽ 5.9 and 6.3, respectively, P ⬍ 0.03]. For the ␦
frequency range (0.5– 4 Hz), a similar pattern of hypoglycemia-induced increase was obtained but did not reach
significance [F(2,22) ⫽ 1.43, P ⫽ 0.26, for treatment effect].
Counterregulatory hormonal response to hypoglycemia. Insulin-induced hypoglycemia stimulated a rise in
plasma concentrations of epinephrine starting at 15 min
and reaching maximum concentrations 25–55 min postinjection (insulin-hypo 76.6 ⫾ 15.7 pg/ml, insulin-eu 23.6 ⫾
3.4 pg/ml, placebo 13.3 ⫾ 1.6 pg/ml; P ⬍ 0.01 for all). Also,
increases in ACTH and growth hormone plasma concentrations commenced at 30 min and peaked at 40 – 60 min
postinjection (ACTH: insulin-hypo 27.8 ⫾ 6.9 pg/ml, insulin-eu 4.3 ⫾ 0.6 pg/ml, placebo 7.5 ⫾ 2.3 pg/ml; P ⬍ 0.05 for

all; growth hormone: insulin-hypo 11.42 ⫾ 4.01 ng/ml,
insulin-eu 2.0 ⫾ 0.6 ng/ml, placebo 2.34 ⫾ 0.9 ng/ml; P ⬍ 0.05
for all) (Fig. 3).
DC potential shift after intranasal insulin administration. In supplementary experiments, we examined
whether negative DC potential shifts also occurred following the intranasal administration of 60 IU insulin in seven
men. Intranasal administration of insulin has been shown
in humans to provide direct access of the molecule to the
CSF within 30 min without substantial resorption into the
blood stream (21). Here, compared with intranasal administration of placebo, insulin induced a marked negative DC
potential shift at the frontal leads, developing ⬃30 min
after administration and continuing for 50 min (averaging
45–75 min postadministration, ⫺390.9 ⫾ 106.1 V vs.
⫺140.6 ⫾ 188.2 V; P ⬍ 0.05 by one-sided t test, P ⬍ 0.01
vs. preadministration baseline level) (Fig. 1C). Plasma
glucose levels were comparable between the insulin and
placebo conditions of the intranasal sessions, averaging
during the postadministration interval 86.7 ⫾ 1.1 mg/dl
after insulin and 89.3 ⫾ 1.8 mg/dl after placebo (P ⬎ 0.31).
DISCUSSION

The brain is a major target of circulating insulin (1,2,4).
Here, the intravenous injection of insulin induced a sus-

FIG. 3. Plasma epinephrine, ACTH, and growth hormone (GH). Mean (ⴞSE) plasma concentrations of epinephrine (left), ACTH (middle), and GH
(right) during a 30-min baseline phase and 90-min postinjection phase for the three conditions: insulin-eu (red line, n ⴝ 9), insulin-hypo (green
line, n ⴝ 9), and placebo (blue line, n ⴝ 9).
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tained negative shift in the transcortical DC potential
recorded from the human scalp, which developed within 7
min after insulin administration. The shift was most pronounced when glucose levels were kept constant (i.e.,
under euglycemic conditions), but it also emerged when
glucose concentrations were allowed to drop (i.e., in the
insulin-hypo condition). This reason and the fact that in
the latter condition, the DC potential shift developed at
least 10 min before any significant hypoglycemia and
associated counterregulation speak for a direct effect of
insulin on brain activity independent of blood glucose
concentration. On the other hand, an increase in oscillatory EEG  activity coinciding with maximum hypoglycemia was found in the insulin-hypo condition.
In contrast to the DC potential shifts that were observed
in both the insulin-hypo and the insulin-eu conditions, the
increase in  power occurred only during hypoglycemia
and was absent when the glucose concentration was
maintained at a normal level. Hence, it can be considered
to be caused by the drop in plasma glucose concentration.
The size and timing of the increase in  activity observed
here over frontocortical areas during hypoglycemia correspond well with previous reports (22). Frontocortical 
EEG activity is considered to reflect, at least in part, the
activity of generating mechanisms in the hippocampus,
where this type of oscillatory activity is most prominent
(23,24). Of interest here are the findings of a recent study
examining glucose concentrations in the hippocampal
extracellular fluid of epileptic patients. In these patients, a
substantial decrease in hippocampal extracellular fluid
glucose concentration did not develop until 30 min after
the onset of hypoglycemia (25). Assuming that extracellular fluid concentrations in these patients reflect tissue
conditions comparable with those in our healthy subjects,
these data lend themselves to conclude that the increase in
 in the insulin-hypo condition started before any substantial hypoglycemia developed in the hippocampus. This
implies that, rather than from a localized lack in brain
glucose, the increase in  activity probably originates from
a stimulation of glucose sensors (e.g., in the carotid body
glomus cells), signaling blood glucose levels to the brain
and limbic structures (26). However, this interpretation is
tentative and in need of further validation, especially since
a link between (sympathetic) glucose signaling at the
carotid level and frontal EEG changes is, as yet, hypothetical. Developing hypoglycemia in the insulin-hypo condition also attenuated the insulin-induced negative DC
potential shift. A counteracting influence on this negative
shift is, indeed, buttressed by previous observations where
increases in  and lower ␣ activity were found to be
closely connected to DC potential shifts in a positive
direction (27,28).
The DC potential commenced to shift toward negativity
within 5–15 min after insulin injection in each subject. This
early onset of central nervous changes fits with findings in
rodents, in which insulin accumulated in brain tissue
within 5 min after intravenous administration (29). Access
of systemic insulin to the brain within a few minutes also
corroborates the notion that effects of insulin on brain
functions are regulated independently of its influence on
systemic glucose concentration (30). However, a slower
access of insulin to the brain compartment has been
2206

inferred from studies of CSF levels after intravenous
administration. In dogs, a lag of 15 min occurred before
any significant changes in CSF insulin levels were found
(9), regardless of the clamped plasma insulin level. A
similarly substantial delay between rises in plasma insulin
and respective CSF levels has been reported in humans
(31). Yet, rises in CSF insulin levels typically remain
smaller than 5% of those in plasma (32), whereas insulin
concentrations in rat brain extracts were found to be
30 – 40% of plasma levels (33), suggesting a preferential
uptake of insulin in brain parenchyma. Schwartz et al. (10)
concluded that the transport of circulating insulin into
both brain and CSF occurs primarily across the BBB
endothelium rather than the blood-CSF barrier and that
most of the insulin is relatively rapidly extracted from
interstitial fluid by binding to neuronal and glial tissue
receptors.
DC potential levels after insulin injection had still not
reached placebo values at the end of the 90-min recording
epoch. This could represent a continuing effect of insulin,
since plasma insulin concentrations at this time were still
higher in the treatment than in the control conditions,
although a contribution of mechanisms secondary to the
action of insulin cannot be excluded. Given that the DC
potential negativity after insulin also persisted in the
euglycemic condition, hypoglycemic counterregulatory
hormonal release does not appear to play a role in this
context. It should be added that it is a common phenomenon that receptor-mediated effects of neuropeptides in
the course of intracellular signal processing persist for
some time once the substance has cleared the system.
The exact mechanisms behind the strong negative DC
potential shift after intravenous injection of insulin cannot
be derived from our data. The use of standard DC potential
recording methodology excludes a number of potential
sources from outside the brain. Recording the differential
potential prevents confounding influences from potentials
emerging similarly in tissues nearby both active and
reference electrodes like skin and adipose tissue. Moreover, the skin underneath the electrodes was punctured,
which abolishes skin potential shifts generated locally
(34). To prevent biasing influences from muscle activity
known to be associated by slow potential shifts (35), care
was taken that subjects were relaxed during the recordings, and any periods were excluded where EMG recording indicated increased muscular activity. EOG monitoring
excluded any ocular contributions to the observed shifts.
The multiple controls performed here in conjunction with
previous studies focusing on methodological issues of
scalp-recorded DC potentials (15–17,35,36) provide solid
evidence for the notion that the DC potential shift observed following insulin administration is of intracranial
origin.
Further support for this conclusion is derived from our
supplementary experiments employing the intransal administration of insulin. After intranasal administration,
insulin has been shown to directly enter the brain CSF
compartment without substantial absorption into the blood
stream, thereby allowing the evaluation of direct effects on
the CNS and preventing confounding influences of insulin
acting on peripheral afferents to the brain (21). Here,
following intranasal administration of insulin, basically the
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same negative DC potential shift as after intravenous
injection was observed. Plasma glucose concentration
remained unchanged, confirming that intranasally administered insulin did not reach the blood stream in substantial amounts. This pattern indicates a negative shift in the
DC potential resulting from a direct action of intranasal
insulin on the brain, which could likewise be the mechanism inducing the same DC potential shift following
systemic administration of insulin. Also, a possible contribution of electrical potentials generated in the course of
the receptor-mediated transport of circulating insulin
across the BBB has to be considered. Processes such as
the binding of insulin to endothelial receptors, intracellular acidification during membrane transport, and others
may involve ionic activity that over extended regions can
sum up to substantial potential shifts at the cortical
surface and scalp (37,38). On the other hand, intranasal
administration of insulin, which bypasses the BBB, yielded
a negative DC potential shift similar to that seen after
intravenous injection. This argues against a primary role of
the BBB in the generation of this shift but does not
exclude additional contributions of BBB-related mechanisms, e.g., via pCO2-dependent potential differences to
the genesis of DC potential shifts, as has been emphasized
in previous studies (39,40).
Assuming a primary central nervous origin, transcortical
DC potential shifts of this amplitude reflect gross changes
in extracellular ionic concentrations that most likely stem
from glial functioning. Glial membranes are endowed with
receptors for insulin and IGF (41), and insulin stimulates
glucose uptake in glial cells (42). Through their widespread interconnections, glial cells form an ionic buffer
mainly for K⫹, but also for Ca2⫹, and thereby can generate
substantial negative cortical DC potentials (43– 46). Additional contributions of neuronal activity (e.g., from neocortical pyramidal cells) cannot be excluded but appear
unlikely in light of the size and long duration of the shift
and the lack of any substantial changes in oscillatory EEG
activity (47).
In conclusion, the pronounced negative shift in the
transcortical DC potential after insulin administration
indicates that circulating insulin can rapidly act on brain
activity independent from its systemic hypoglycemic action. To the best of our knowledge, a fast and direct action
of systemic insulin on human central nervous activity of
this type has not been demonstrated. While peak concentrations of insulin after the bolus injection used here were
supraphysiological, the total amount of insulin administered was comparable to endogenous postprandial release. Based on this background, our data provide support
for the notion that insulin can even serve as a rather
short-term feedback signal in the hypothalamic control of
food intake and satiety (48) and put a new complexion on
the view of merely tonic signaling of insulin to the brain
(5,49). It is of interest that euglycemic insulin infusion in
men over several hours reduces rated hunger dose dependently (50). However, since in the present study indicators
of hunger and food intake were not assessed, correlations
of insulin-induced DC potential negativity with eatingrelated behaviors remain to be determined. In a previous
study (15), a negative DC potential shift was found during
food intake in humans, which, however, shifted toward
DIABETES, VOL. 53, SEPTEMBER 2004

positivity in conjunction with the termination of eating. In
this context, it seems unlikely that the insulin signal is
relevant for acutely inhibiting food intake but rather may
add to the persistence of satiety after a meal preventing
reinitiation of consumatory behavior. Considering the
widespread distribution of insulin receptors in different
brain structures, including hippocampus and neocortex
(1), the feedback action of insulin, as reflected by the
transcortical negative DC potential shift probably also
pertains to extrahypothalamic neurocognitive functions
(50).
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