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1 Nootropic drugs increase glucose uptake into anaesthetised brain and into Alzheimer’s diseased
brain. Thyrotropin-releasing hormone, TRH, which has a chemical structure similar to nootropics
increases cerebellar uptake of glucose in murine rolling ataxia. This paper shows that nootropic drugs
like piracetam (2-oxo 1 pyrrolidine acetamide) and levetiracetam and neuropeptides like TRH
antagonise the inhibition of glucose transport by barbiturates, diazepam, melatonin and endogenous
neuropeptide galanin in human erythrocytes in vitro.

2 The potencies of nootropic drugs in opposing scopolamine-induced memory loss correlate with
their potencies in antagonising pentobarbital inhibition of erythrocyte glucose transport in vitro
(Po0.01). Less potent nootropics, D-levetiracetam and D-pyroglutamate, have higher antagonist Ki’s
against pentobarbital inhibition of glucose transport than more potent L-stereoisomers (Po0.001).
3 Piracetam and TRH have no direct effects on net glucose transport, but competitively antagonise
hypnotic drug inhibition of glucose transport. Other nootropics, like aniracetam and levetiracetam,
while antagonising pentobarbital action, also inhibit glucose transport. Analeptics like bemigride and
methamphetamine are more potent inhibitors of glucose transport than antagonists of hypnotic action
on glucose transport.

4 There are similarities between amino-acid sequences in human glucose transport protein isoform 1
(GLUT1) and the benzodiazepine-binding domains of GABAA (gamma amino butyric acid) receptor
subunits. Mapped on a 3D template of GLUT1, these homologies suggest that the site of diazepam
and piracetam interaction is a pocket outside the central hydrophilic pore region.

5 Nootropic pyrrolidone antagonism of hypnotic drug inhibition of glucose transport in vitromay be
an analogue of TRH antagonism of galanin-induced narcosis .
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Introduction

Piracetam (2-oxo 1 pyrrolidine acetamide) has memory-

enhancing properties, that is, it is a nootropic drug. Although

many direct and indirect effects of piracetam have been

reported, its mechanism of action remains unclear. Like its

analogue, levetiracetam (KEPPRA, ucb L059) (Tables 1 and

2), it is an anticonvulsant, preventing seizures in rats induced

by electroshock or drugs, for example, N-methyl-D-aspartate

(NMDA) (Gower et al., 1992; Hovinga, 2001; Nash & Sangha,

2001). In addition, piracetam and its analogues reduce the

confusional states induced by barbiturates, ethanol or benzo-

diazepines (Moyersoons & Giurgea, 1974; Salimov et al., 1995;

Knapp et al., 2002). It facilitates long-term potentiation

(Molnar et al., 1994), increases neurotransmitter release from

presynaptic terminals and increases the amount of neuro-

transmitter, particularly acetylcholine, in the brain, but does

not act directly on choline transport or metabolism (Nishizaki

et al., 1998). Levetiracetam binds with moderate affinity

(pKi¼ 6.1) to isolated synaptic membranes (Noyer et al., 1995;
Gillard et al., 2003). This binding is displaced by piracetam,

pentobarbital, benzodiazepines and ‘gamma amino butyric

acid (GABA)-related’ substances, for example, GABA, penty-

lentetrazol and bemigride. However, piracetam has no direct

GABAergic effects in isolated systems (Noyer et al., 1995;

Fuks et al., 2003). The D-stereoisomer (ucb L060) of

levetiracetam is much less effective at displacing labelled

levetiracetam from the membranes (Gillard et al., 2003).

Neuroactive dipeptides with structures similar to piracetam

also have nootropic and anticonvulsive effects. Some are

derivatives of thyrotropin-releasing hormone (TRH); for

example, NS-3, CG3703, cyclo-histidyl-proline and pyro-
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glutamate have been reported to have nootropic properties

(Ogasawara et al., 1995; Prasad 1995; Ostrovskaia et al., 2002)

(for structures, see Tables 1 and 2). One of these, cyclo-glycyl-

proline, like TRH, is endogenously formed within the brain

(Gudasheva et al., 2001).

A number of drugs, hormones and disease states have been

reported to alter glucose uptake and metabolism by the brain.

Piracetam increases glucose uptake into the brains of

Alzheimer’s disease (AD) patients and into rat brain treated

with scopolamine (Heiss et al., 1988; 1989). This may be of

some therapeutic value as glucose uptake into the brains of

AD patients is decreased (McGeer et al., 1986; Harik &

Kalaria, 1991; Mielke et al., 1994; Santens et al., 2001).

Decreased glucose uptake occurs several decades prior to the

onset of dementia and diminished cortical volume in AD

susceptible carriers of the apolipoprotein e4 geneþ /þ and is
particularly associated with the posterior cingulate gyrus

(Reiman et al., 2004). A possible model for this kind of neural

damage modulated by glucose transport is the Nagoya ataxic

mouse cerebellum in which glucose metabolism is low, and is

increased by intraperitoneal (i.p.) injection of TRH (Kinoshita

et al., 1995). TRH treatment of these ataxic rolling mice

slowed the rate of neural degeneration.

Galanin secretion from the hypothalamic ventrolateral

preoptic nucleus is associated with sleep activity (Crawley,

1995; Gaus et al., 2002). Intraventricular administration of

galanin leads to impairment of rat learning and memory

(Kinney et al., 2003). Excess galanin secretion and galanin

receptor activity are found in the basal forebrains of patients

with AD (Counts et al., 2001; Steiner et al., 2001; Mufson

et al., 2003). Like barbiturates, galanin inhibits cognition

and acetylcholine release in the brain (Bennett et al., 1997)

and is reciprocally related to brain glucose concentration

(Stefani & Gold, 1998). Galanin also directly inhibits glucose-

induced insulin secretion in isolated pancreatic islets

(Ruczynsk et al., 2002) and has effects on glucose-induced

insulin secretion mediated via the central nervous system

(Vrontakis, 2002).

Barbiturates (Gjedde & Rasmussen 1980; Otsuka et al.,

1991; Khan et al., 1997; Lowry & Fillenz 2001), melatonin

(Cassone et al., 1988), phenothiazines (Dwyer et al., 1999) and

diazepam (Siemkowicz 1980; Nugent et al., 1982; Kelly et al.,

1986; Eintrei et al., 1999) inhibit glucose transport both into

the brain in vivo and in vitro cell systems, for example, human

erythrocytes, (Naftalin & Arain, 1999; Haspel et al., 1999;

Stephenson et al., 2000).

No direct effect of piracetam on glucose transport has been

reported in cells, although it increases erythrocyte membrane

fluidity (Muller et al., 1997). It seemed possible that some of the

piracetam-dependent increases in glucose uptake into the brain

might be a result of its antagonism to the effects of hypnotic or

sedative drugs (Heiss et al., 1989). We decided therefore to

determine if piracetam and its neuropeptide analogues had an

antagonist effect on barbiturate-, benzodiazapine- or melatonin-

dependent inhibition of glucose transport in human erythro-

cytes. We also tested whether less active D-enantiomeric forms

of nootropics were correspondingly less active antagonists of

barbiturate inhibition of glucose transport.

Galanin peptide was also tested to determine if it had any

direct effect on erythrocyte glucose transport and whether its

effects like those of barbiturates could be antagonised by

piracetam.

There are sufficient similarities between actions of anaes-

thetics and hypnotics on human glucose transport protein

isoform 1 (GLUT1) and GABAA receptor to make compar-

ison useful. By studying similarities between primary amino-

acid sequences of GLUT1 and GABAA receptor a and g
subunits close to the benzodiazepine-binding site, we have

obtained a hypothetical site for this ligand interaction on

GLUT1.

Methods

Solutions

The composition of the buffered saline was as follows in

mM: NaCl 140; KCl 2.5; MgCl2 2.0; HEPES (N-2-hydro-

xyethylpiperazine-N0-(2-ethanesulphonic acid) 5. D-glucose

and sodium pentobarbital, thiamylal, aniracetam, galanin,

bemigride, methamphetamine, diazepam, flumenazil, cyclo-

histidyl proline; cyclo-glycyl-proline and piracetam, anirace-

tam, D- and L-pyroglutamate, diazepam, melatonin, [þ ]-
and [�]-AMMTC (N-acetyl-4-aminomethyl-6-methoxy-

9-methyl-1, 2, 3, 4-tetrahydrocarbazole), thyrotropin-releasing

factor (TRH) were obtained from Sigma Chemical Company,

Dorset. Levetiracetam and its D-stereoisomer ucbL060

were a gift from UCB-Pharma, Braine-l0Alleud, Belgium.
The TRH analogue, CG 3703 (Montirelin), was obtained

as a gift from Dr B. Wolf, (Grunenthal GmbH, Aachen,

Germany); and Suniferam (DM 235) was a gift from Dr

Fulvio Gualtieri, Department of Preclinical and Clinical

Pharmacology, Viale G Pieraccini, Florence, Italy. All solu-

tions were buffered to pH 7.4 with HCl using appropriate

temperature corrections and corrections for the buffering

effect of the drug. All drugs were solubilised in 50%

ethanol : 50% water.

Cells

Exit of glucose was monitored as a change in light scattering

due to cell volume shrinkage on net glucose loss from glucose-

loaded cells into the suspension medium. Fresh human

erythrocytes were obtained by venepuncture, and were washed

three times in isotonic saline by repeated centrifugation and

resuspension. The cells were then suspended in solutions

containing D-glucose at the preloading concentration –

100mM, final haematocrit 10%. The cells were incubated for

at least 2 h, to allow the sugar to equilibrate with the cell water

and then recentrifuged to obtain a thick cell suspension

ca. 95% haematocrit. This cell suspension was kept at 41C

until required. Aliquots of prewarmed cell suspension

(7.5 ml) were added to a 1 cm2 fluorescence cuvette containing
3ml of saline solution that had been prewarmed to the

251C. The cell suspensions were mixed vigorously and

photometric monitoring was started within 5 s of mixing.

The final glucose concentration in a nominally glucose-free

solution with this regime is maximally 0.2mM, which is at

least 10-fold less than the lowest Michaelis Menten coefficient

(Km) of D-glucose measured here, so contamination of the

external solution with glucose has a negligible effect on D-

glucose exit. All drugs were added to the external solution

only. Any drug effect observed is due to immediate contact

after mixing in the cuvette.
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Photometric monitoring

Glucose exit: The effects of varying concentrations of D-

glucose, added to external solutions, on the exit rates of

glucose from cells were monitored photometrically, using a

Hitachi 2000-F fluorescence spectrometer with a temperature-

controlled and monitored cuvette; Eex¼Eem¼ 650 nm. The
output was recorded and stored using a MacLab 2e (AD

Instruments). Data were collected at a rate of 0.33–5 points s�1,

depending on the time course of exit; each run consisted of

E2000 data points. The photometric response was found to be
approximately linear for osmotic perturbations750mM NaCl
as reported previously (Naftalin et al., 2003).

The time courses of glucose exit were fitted to monoexpo-

nential curves of the form yt¼A{1�B exp(C.t)} using the
Levenberg–Marquardt method of curve fitting program in

Kaleidagraph 3.6 (Synergy Software). The voltage recorded at

time t is yt; coefficient A is a scaling factor that fits the curves

to the voltage signal, B and C are the monoexponential

coefficients and t is the time in seconds at which yt is obtained.

The rate coefficient, C (s�1), is used to monitor the effects of

either glucose or drugs, for example, sodium pentobarbital

concentration on glucose exit. Representation of glucose exit

as a monoexponential gives a very good approximation both

to the initial zeroth-order saturation kinetics and to the later

hyperbolic relationship of flux with cell concentration

‘r’E0.98. In all cases, the cells were exposed to test substances
only during the period of glucose exit.

Statistics

All the statistical probabilities were estimated from two-tailed

Student’s t-values for unpaired means. The n values were

estimated from the number of degrees of freedom, and all data

points were obtained from the means of three to five sets of

data.

The Ki values for direct inhibitors of glucose exit were

obtained by nonlinear regression of the change in the

exponential exit rate of glucose exit, C against the inhibitor

concentration [I] using the following equation: y¼VmKi/
(Kiþ [I]), where Ki is the inhibitor concentration giving a
50% decrease in the rate of exit obtained in the absence

of inhibitor. The regression coefficient is expressed as a

mean7standard error of mean (s.e.m.). Each Ki plot was
obtained from the means of glucose exit rates of at least three

to four inhibitor concentrations, that is, typically 16 to 20

glucose exit rates were determined per estimate of each Ki.

Each Ki estimate was repeated three to four times.

Monitoring the affinity of glucose at the external site
(infinite cis Km) and the maximal rate of glucose exit
(zero-trans Vm)

With glucose concentration nominally at zero in the external

solution, exit is defined as the zero-trans net exit condition and

monitors the maximal rate of glucose net exit, Vm. To measure

the affinity of glucose for the external side of the transporter,

the rates of glucose exit were obtained with varying

concentrations of glucose in the external solution. The glucose

concentration in the external solution required a reduction in

the rate of net glucose exit by 50%¼ the infinite cis Km. This
mode of characterising exit, where the initial inside glucose

concentration is fixed (infinite cis), but the rate of exit is varied

by addition of glucose to the external solution, was introduced

by Sen & Widdas (1962). The Km is obtained by least-squares

fit of the equation v¼KmVm/(KmþGex), where Vm is the

maximal rate of glucose exit in the uninhibited state and Km is

the concentration of glucose in the external solution Gex
required to reduce the exit rate to 50% of the uninhibited rate.

Hypnotics like sodium pentobarbital, etc. were also tested to

determine whether they alter the affinity of glucose for the

external site, that is, Ki(ic glucose/pentobarbital). The Ki (ic glucose/

pentobarbital) is obtained by observing the increase in the apparent

Km of glucose binding to the external site, as a function of

pentobarbital concentration (Naftalin & Arain 1999). This was

obtained by plotting the apparent Km(ic glucose) versus [pento-

barbital]. The Ki(ic glucose/pentobarbital) is obtained from the

intercept/slope7s.e.m. regression line.
The Ki values for indirect inhibition, for example, the effect

of aniracetam on pentobarbital or diazepam, were obtained by

linear regression of the apparent Ki values (Kapp) of pento-

barbital against the inhibitor concentration [I].

As Kapp¼Ki1(1þ [I]/Ki2), thus [I] is the concentration of

modulator, for example, piracetam required to increase Ki1 of

the primary inhibitor (e.g. pentobarbital) by two-fold. This is

obtained from (intercept/slope)7s.e.m. of the linear regression
line of Kapp versus [I].

Sequence homologies between the benzodiazepine-binding
domain of the GABAA receptor and GLUT1

Homologies were sought between sequences close to the

ligand-binding domain of the human and rat GABAA
receptor, human GAA1, primary accession number P14867

and gamma-aminobutyric-acid receptor gamma-2 subunit

precursor (GABAA g receptor); GAC2_Human primary

accession number P18507; also rat.alpha1 gamma-aminobu-

tyric-acid receptor alpha-1 and rat.gamma2; Gamma-amino-

butyric-acid receptor AC P15433, GABRG2. Rattus norvegicus

(Rat) AC P18508 in GLUT1, GLUT-1 (SLC2A1) accession

number P11166 using the Swissprot database human primary

is as follows: FASTA (Pearson & Lipman, 1988) was used to

identify and evaluate the partial matches between GLUT1 and

sequences in the human GABAA receptor, a, b and g subunits
adjacent to the ligand-binding cleft. The matches were applied

to the 2-D template structure of GLUT-1 (Mueckler et al.,

1985) and to its putative 3-D structure (Zuniga et al., 2001),

and to the template of the major facilitator superfamily (MSF)

(Hirai et al., 2003). The atomic coordinates and structure

factors (code 1JA5) are in the Protein Data Bank, Research

Collaboratory for Structural Bioinformatics, Rutgers Univer-

sity, New Brunswick, NJ, U.S.A. (http://www.rcsb.org/) and

can be viewed with Swiss-Pdb viewer, http://www.expasy.ch/

spdbv.

Results

Reversal by piracetam of both reduction in affinity and
Vm of the glucose transporter by pentobarbital

Pentobarbital acts as a mixed inhibitor of glucose transport. It

decreases the Vm of zero-trans net glucose exit and entry and

decreases the affinity of glucose binding (increases the Km of

596 R.J. Naftalin et al Nootropic action on erythrocyte glucose transport

British Journal of Pharmacology vol 142 (3)



infinite-cis glucose net exit) to the exofacial surface of GLUT1

(Naftalin & Arain 1999; Stephenson, 2000). Piracetam alone

had no significant effect on either the affinity of D-glucose for

the external site of the transporter or the Vm rate of D-glucose

exit. However, comparison of the effects of pentobarbital

alone with pentobarbital and piracetam together showed that

piracetam reversed the effects of pentobarbital on both the

maximal rate of exit, Vm and the affinity of D-glucose for the

external site of the transporter. The affinity of glucose was

reduced from 6.5571.0mM with pentobarbital (2mM) present
to 3.2570.45mM (Po0.025) with both pentobarbital (2mM)
and 4mM piracetam together. In addition, the maximal rate of

glucose exit into an external solution containing zero-glucose

in the external solution was increased from 0.03170.001 s�1

with pentobarbital (2mM) to 0.06170.002 s�1 (Po0.001),
Figure 1.

Increased concentrations of pentobarbital required higher

concentrations of piracetam to antagonise their effects. The

Ki for the inhibition of D-glucose exit by pentobarbital was

1.2970.17mM. With increasing concentrations of piracetam,
the apparent Ki of pentobarbital was progressively increased

(Figures 2 and 3). Piracetam also reversed the pentobarbital-

dependent increase in infinite-cis Km of glucose at the external

site (Figure 1). A Dixon plot of these data shows that the Ki of

piracetam antagonism of pentobarbital on D-glucose exit is

0.8370.13mM (Figure 3). As the relationship between the

Figure 1 Effect of pentobarbital (2mM) and piracetam (4mM) on
D-glucose exit rate from human red cells at 251C into solutions
containing varied (glucose) concentrations. Pentobarbital reduced
the maximal rate of zero-trans net glucose exit to 0.03170.001 s�1

from a control rate of 0.06170.002 s�1 (Po0.001). The infinite cis
Km was 6.5571.0mM with pentobarbital (2mM) and 2.7870.25mM
in control . Piracetam (4mM) in the copresence of pentobarbital
(2mM) significantly increased the maximal rate of zero-trans exit
(Po0.001) and reduced the infinite cis Km of glucose to
3.2570.45mM (Po0.025). On its own, in comparison with control
rates, piracetam (4mM) had no effect. Error bars are the s.e.m.’s of
four to five separate determinations of rates. This experiment was
repeated five times with similar results. The lines drawn are the least-
squares best-fit nonlinear regression lines to the equation for
competitive inhibition (see Methods).

Figure 2 Effect of varying concentrations of piracetam on the
pentobarbital-dependent inhibition of zero-trans net glucose exit
from human erythrocytes. Increasing concentrations of piracetam
caused a linear increase in the apparent Ki of pentobarbital
inhibition of glucose exit rates. Error bars are s.e.m.’s of four to
five separate estimates of the rates of glucose exit. The lines drawn
between the points are the least-squares best-fit nonlinear regression
lines to the equation for competitive inhibition (see Methods).

Figure 3 Dixon plots of piracetam, levetiracetam and its D (þ )
stereoisomer ucb L060 on the apparent Ki of pentobarbital-
dependent inhibition of zero-trans glucose exit. This is a replot of
data shown in Figure 2. Increasing concentrations of piracetam,
levetiracetam (ucb L059) and ucb L060 significantly compete with
pentobarbital action on glucose transport. The lines are the least-
squares linear regression lines. The secondary Ki’s are estimated as
outlined in Methods.
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apparent Ki of pentobarbital inhibition of D-glucose exit and

piracetam concentration is linear, it is evident that piracetam

acts as a competitive antagonist of pentobarbitone-dependent

inhibition of glucose exit from human erythrocytes.

As piracetam also competitively antagonises pentobarbital

action on the infinite cis exit Km of glucose exit, it is likely that

piracetam and pentobarbital competitively bind to contiguous

sites (see Discussion).

Effects of levetiracetam, its D-stereoisomer ucb L060 and
piracetam on pentobarbital inhibition of D-glucose exit

There was a concentration-dependent reduction in pento-

barbital-dependent inhibition of glucose exit following

the addition of levetiracetam. In the concentration range

0–500 mM, levetiracetam without pentobarbital present had a

negligible effect on glucose exit. However, with levetiracetam

41mM, some inhibition of glucose exit was observed. This
differs from piracetam, which had a negligible effect on glucose

exit (see Table 1 and below). A Dixon plot of the apparent Ki
of pentobarbital with increasing concentrations of levetirace-

tam showed that, like piracetam, levetiracetam competitively

antagonised pentobarbital inhibition of glucose transport

albeit with higher affinity than either its D-stereoisomer, ucb

L060, or piracetam (Figure 3).

Effects of piracetam and levetiracetam on thiamylal,
diazepam and melatonin inhibition of glucose exit from
human erythrocytes at 251C

Effects on thiamylal Thiamylal, like pentobarbital, inhibits

glucose transport in human erythrocytes (Haspel et al., 1999).

Thiamylal inhibition of glucose transport was also antagonised

by levetiracetam (Table 2). Comparison of the antagonist Ki’s

of levetiracetam against pentobarbital and thiamylal showed

that the Ki(levetiracetam/pentobarbital)¼ 0.4270.05mM was signifi-

cantly higher than Ki(levetiracetam/pentobarbital)¼ 0.1270.01mM
(Po0.001) (Table 1). This finding is consistent with pento-
barbital, thiamylal and levetiracetam binding at the same site.

Effects on diazepam Diazepam has been shown to inhibit

glucose transport in erythrocytes, and it also reduces glucose

metabolism in the brain (Klepper et al., 2003). Diazepam, like

pentobarbital, was observed to act as a mixed inhibitor of

glucose transport (Tables 1 and 2). The Ki(diazepam) at 251C for

the inhibition of glucose exit is 50.3576.29mM. It also reduced
the affinity of glucose for the external site, Ki(infinite

cis)¼ 5774.9mM. Levetiracetam reversed the inhibition by

diazepam of glucose exit (Tables 1 and 2). The benzodiazepine

antagonist, flumazenil, antagonised the effects of both

benzodiazepine and melatonin on GABAA receptor (Wang

et al., 2003). However, it had no antagonist effect on

diazepam-dependent inhibition of glucose exit. This absence

of effect of flumazenil and the relatively high Ki of diazepam

action suggest that the diazepam-binding site on GLUT1

differs substantially from its high-affinity site on GABAA
receptor. TRH had a surprisingly high antagonist Ki against

diazepam (see below).

Effect of melatonin Melatonin like barbiturates and

diazepam inhibited glucose exit (Table 1). The melatonin

receptor agonist, AMMTC, exists in chiral D (þ ) or L (�)

forms (Sugden et al., 1995). Binding assays to pineal

membranes show that the L (�) form of AMMTC is at least
100-fold more potent than the D form. L (�) AMMTC was
E4-fold more effective at inhibiting glucose exit from

erythrocytes than D (þ ) AMMTC. Melatonin inhibition

of glucose exit was antagonised by piracetam

(Ki¼ 0.9270.23mM) and also by TRH and CG3703 (see

Table 2). Piracetam and TRH antagonised melatonin-depen-

dent inhibition of glucose exit with Ki’s similar to those

antagonising pentobarbital inhibition (Tables 1 and 2). These

findings indicate that melatonin, like diazepam, binds to

GLUT1 at a low-affinity site, which has specificity differences

from the high-affinity binding sites in pineal membranes.

Effect of the galanin on glucose transport The anxiolytic

neuropeptide galanin (Bing et al., 1993) inhibited glucose exit

from erythrocytes in a manner similar to pentobarbital,

diazepam or melatonin, in that it reduced the Vm of zero-trans

net entry and increased the Km of glucose binding at the

exofacial surface of GLUT1 (Tables 1 and 2). These effects of

galanin-like pentobarbital were competitively antagonised by

levetiracetam. Levetiracetam was five times more potent at

antagonising galanin inhibition of glucose exit than against

pentobarbital, thiamylal or diazepam (Tables 1 and 2).

Effects of TRH and its analogues, CG3702, CG 3509,
DM 235, cyclic glycyl proline, on pentobarbital inhibition
of glucose exit The tripeptide TRH, pyroglutamyl-histidyl-

proline, and its analogues have been noted to increase glucose

metabolism in the brain following ischaemia, (Katsumata et al.,

2001). TRH has structural similarities to substituted pyrroli-

dines-like piracetam (see Tables 1 and 2). This structural

similarity may relate to the similar effects of these compounds

on barbiturate-dependent inhibition of glucose transport.

TRH exerted a strong antagonism to the inhibition of glucose

transport by both pentobarbital and melatonin (Tables 1 and

2). Surprisingly, it had a much lesser effect on diazepam-

dependent inhibition of glucose exit than on either pentobar-

bital- or melatonin-dependent inhibitions. Like piracetam,

TRH had no observable inhibitory effect on glucose exit in the

concentration range tested.

The cyclic peptide, cyclic glycyl-proline, like TRH has been

reported to have nootropic effects similar to those of

piracetam (Ogasawara et al., 1995; Prasad, 1995; Gudasheva

et al., 2001; Ostrovskaia et al., 2002). Cyclic glycyl-proline had

strong antagonist effects on pentobarbital inhibition of glucose

exit (Ki¼ 90717mM). It also had a weak direct inhibitory
effect on glucose exit Ki (Tables 1 and 2).

Three other peptides with properties similar to TRH, that is,

CG 3509, CG3703 and DM 235 were tested. CG 3703 and DM

235 were very potent antagonists of pentobarbital-dependent

inhibition of glucose transport. However, low concentrations

of CG3703 and DM235 directly inhibited glucose exit.

CG3509 was ineffective as an antagonist of pentobarbital on

glucose transport (see Discussion and Table 2). Another

peptide derivative of TRH, cyclo (His-Pro), had no antagonist

effect against pentobarbital-dependent inhibition of glucose

transport.

Effects on analeptics, bemigride and methamphetamine on
pentobarbital-dependent inhibition of glucose exit from
human erythrocytes The analeptic drugs bemigride and
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Table 1 Direct effects of nootropics and neuropeptides on glucose exit at 251C

Inhibitor Inhibitor Ki

Aniracetam 1.0570.28 nM

Bemigride 10.272.5mM

CG3703 (montirelin) 45.7716.4mM

Cyclo (pro-gly) 3.3870.69mM

DM235 (sunifferam) 2673.0mM

Galanin Gly-Trp-Leu-Asn-Gly-Tyr-Leu-Gly-Pro-His-Ala-Val-Gly-Asn-His-Arg-
ser-Phe-Ser-Asp-Lys-Asn-Gly-Leu-Thr-Ser-COOH

19.670.04mM

L059 (leviracetam) 3.1970.8mM

L-pyroglutamic acid 13.876.2mM

Methamphatamine 118744mM
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Piracetam NS

TRH NS

NS¼nonsignificant.

Table 2 Summary of effects of hypnotics anxiolytic, racetams and nootropics on glucose exit from human red cells at
251C

Inhibitor Ki Antagonist Antagonist Ki

Pentobarbital 0.9170.08mM L059 0.2370.013mM
L060 2.970.5mM
Cycle (pro-gly) 0.0970.017mM
Cyclo (his-pro) 45mM
D-phroglutamic acid 45mM
L-pyroglutamic acid 1.0770.023mM
Aniracetam 0.2470.0023mM
Piracetam 1.2970.17mM
TRH 132727.8mM
Bemigride 21.8578.75mM
CG3703 10.170.57mM
DM235 26.073.0 mM
Methamphetamine 0.3770.4mM

Diazepam 50.3576.29mM L059 0.3570.0007mM

TRH 1.1270.025mM
Flumenzil 45mM

Thiamylal 0.2270.4mM L059 0.4270.05mM

Melatonin 155714.1mM TRH 143751.5mM

Piracetam 0.9270.23mM

[+] AMMTC 10677.3mM
[�] AMMTC 4797160mM
Galanin 19.6270.04mM L059 6373.2 mM
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methamphetamine displace labelled levetiracetam binding

from brain membranes (Noyer et al., 1995). Both drugs acted

as partial antagonists of glucose transport with maximal

inhibitions of exit flux confined to approximately 30 and 15%,

respectively, of maximal exit (Figure 4a). Although both drugs

had antagonist effects against pentobarbital, this antagonism

had a hyperbolic, rather than a linear relationship, as was

observed with piracetam or levetiracetam concentrations

(Figure 3). At low concentrations of bemigride (o25mM),
the apparent Ki of bemigride against pentobarbital-dependent

inhibition of glucose exit was 4.570.3mM. With concentra-
tions of methamphetamine o400 mM, its antagonist Ki against
pentobarbital was 130730 mM (Figure 4b). Methamphetamine
and bemigride, unlike other analeptic nootropic drugs, for

example, piracetam and levetiracetam, have higher antagonist

Ki’s against pentobarbital inhibition of glucose exit than their

Ki’s for direct inhibition of glucose exit (see Discussion).

Discussion

Until now, as stated by Pranzatelli (1997), ‘ piracetam is a drug

in search of a mechanism of action’. This report showing that

nootropic drugs, like piracetam and other ‘racetams’, act as

competitive antagonists of barbiturate, diazepam and melato-

nin inhibition of glucose transport is the first showing any

direct effect of piracetam on a specific transporter or receptor.

It is known that piracetam inhibits barbiturate intoxication

(Moyersoons & Giurgea 1974; Gouliaev & Senning, 1994).

There are also a number of reports showing that levetiracetam

and piracetam oppose GABAA antagonist action, for example,

bicuculline and gabazine (Poulain & Margineanu 2002), and

reverse the inhibitory effect of negative allosteric modulators,

for example, zinc and b-carbolines on both GABAA receptor-
and glycine receptor-mediated responses (Rigo et al., 2002). It

has also been reported that piracetam can displace [3H]fluni-

trazepam from rat hippocampal membranes in the presence of

GABA (Rozhanets et al., 1986). These findings suggest that

piracetam and its analogues bind to GABAA receptor after it is

activated by barbiturates or benzodiazepines, as found here

with piracetam interaction on glucose transport. Despite these

findings, there is no evidence of direct binding of piracetam

or levetiracetam to GABAA receptor (Noyer et al., 1995; Fuks

et al., 2003).

Mechanism of action of piracetam on glucose transport

Piracetam has no effect on D-glucose transport in human

erythrocytes on its own. Only in the presence of pentobarbital

is its action evident. A simple kinetic scheme describes this

reaction:

T¼ Eþ E:Bþ E:Pir
¼ Eþ E:½B�=K iBþE:½P�=K iP

E:B¼ ½B�=K iB=ð1þ ½B�=K iBþ½P�=K iPÞ

where E is the empty pentobarbital-binding site, EB is the site

with pentobarbital bound, EP is the site with piracetam bound,

KB and KP are the dissociation constants of pentobarbital and

Figure 4 A Effects of bemigride and methamphetamine on zero-
trans glucose exit rates from erythrocytes. Bemigride and metham-
phetamine caused partial inhibitions in glucose exit. Bemigride
inhibits glucose exit by 30% and methamphetamine causes a
maximal inhibition of glucose exit of 15%. Bemigride inhibits
glucose with a relatively high potency Ki¼ 10.572.5mM but low
efficacy. Methamphetamine inhibits glucose with lower potency, Ki
118744 mM and very low efficacy. (b) The antagonist effects of
bemigride and methamphetamine on the apparent Ki of pentobarbi-
tal-dependent inhibition of glucose exit from erythrocytes. The
Dixon plots showing hyperbolic relationships of apparent Ki with
increasing inhibitor concentrations. At low concentrations of
bemigride and methamphetamine, there is a rapid increase in
apparent Ki of pentobarbital-dependent inhibition. This increase in
Ki plateaus at raised concentrations of bemigride or methampheta-
mine. The lines fitted to the data are hyperbolas of the form ax/
(bþ x)þ z, where x is the concentration of inhibitor (mM), a is the
maximal apparent Ki of pentobarbital inhibition of glucose exit, b is
the concentration of x giving half-maximal increase in apparent Ki
and z is the Ki of pentobarbital with zero antagonist present. The Ki
of bemigride or methamphetamine at low concentrations¼ zb/a. The
best-fit lines and error estimates of a, b and z were obtained using
Kaleidagraph 3.6, as in Methods. The antagonist Ki’s of bemigri-
de¼ 4.570.3 mM and for methamphetamine¼ 130 30 mM.
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piracetam for the site, respectively, and T is the total number

of sites available.

It is assumed that the transporter state EB inhibits glucose

transport, whereas states EP and E are permissive for glucose

transport. Thus, the equation for EB expressed in terms of

solution concentrations of pentobarbital and piracetam is

equivalent to an expression for competitive inhibition of

glucose by pentobarbital, which is competitively antagonised

by piracetam.

Neuropeptide interactions with glucose transport

This is the first report showing that nootropics antagonise

galanin action. Galanin reduces cognitive function and

increases drowsiness (Bing et al., 1993; Gaus et al., 2002).

Excess galanin secretion is associated with AD (Counts et al.,

2001; Steiner et al., 2001). Consequently, antagonism between

nootropics and hypnotics with galanin-like effects could be of

physiological as well as pharmacological importance.

TRH antagonises the hypnotic effect of pentobarbital

(Sharp et al., 1984) and of ethanol (Morzorati & Kubek,

1993). I.p. injection of TRH improved glucose utilisation in the

cerebellum and the ventral tegmental area of Nagoya ataxic

rolling mice and slowed the progression of ataxia in the mutant

(Kinoshita et al., 1995). TRH-like peptides, for example,

pGlut-Glu-Pro-NH2, are as effective as TRH in arousing mice

sedated with pentobarbital, yet have a negligible affinity for

the TRH receptors, TRH receptor1 and TRH receptor2. This

indicates that arousal from sleep is unlikely to be mediated via

the TRH-specific receptors (Hinkle et al., 2002) and that 2His

in TRH is not necessary to elicit the arousal response. Only

the pyroglutamyl and glycine residues within TRH, similar to

cyclo-glycylproline, piracetam or pyroglutamate, are required.

Our finding that TRH acts as an antagonist of pentobarbital-,

melatonin- and diazepam-dependent inhibitions of glucose

transport in erythrocytes (Tables 1 and 2) indicates that it may

similarly act on glucose uptake into neurones inhibited by

neuropeptides or hypnotic drugs.

These data suggest that endogenous neuropeptides, for

example, TRH and cyclo-glycylproline play a similar role to

nootropics in displacing or competing for sites occupied by

endogenous hypnotics, for example, galanin, thereby main-

taining a balance between consciousness and sleep and

modulating cognition (Horita, 1998).

More general implications of these findings

The most important question raised by the present work is

whether ‘racetam’ actions in antagonising drug-dependent

inhibition of glucose transport are relevant to their nootropic

effects. Evidence that the nootropic effects are related to

antagonism of hypnotic inhibition of glucose transport by

drugs, like pentobarbital, or neuropeptides like galanin is

demonstrated by the significant correlation (Po0.01) between
the nootropic dose in vivo required to antagonise scopolamine-

induced memory loss and Ki’s of nootropic drugs opposing the

action of pentobarbital on glucose transport (Figure 5). This

correlation can be extended (Tables 1 and 2); D-levetiracetam,

D-pyroglutamate and the less potent D-form of CG2703

nootropics also have no detectible direct inhibitory effects on

glucose transport, whereas their more potent L-stereo-isomers

are inhibitory.

The significant linear correlation between the potency of

nootropic drug effects in vivo and the antagonist Ki of

nootropic drugs against hypnotic drug-induced inhibition of

glucose transport in human erythrocytes in vitro indicates that

nootropic drug action on glucose transport may have both

neurophysiological as well as neuropharmacological relevance.

Although nootropic drug-dependent increases in glucose

uptake could improve cognitive function in hypoglycaemic

brain regions, it is entirely possible that nootropics affect other

neural processes in ways analogous to their effect on GLUT1,

perhaps on isoforms of the GABAA receptor, which have not

been fully investigated as yet.

On the other hand, the effects of hypnotics and nootropics

observed here on glucose transport in erythrocytes may simply

mirror their effects on receptors elsewhere. Their inhibitory

and antagonist effects on glucose transport may have no direct

physiological importance. Piracetam-stimulated glucose up-

take into the brain (Heiss et al., 1988; Mielke et al., 1994) may

be a consequence of underlying changes in metabolic turnover

Figure 5 Correlation between the in vivo potency of nootropic
effects of drugs and their antagonist Ki against pentobarbital-
dependent inhibition of glucose transport in red cells. The linear
regression line is weighted by the s.e.m.’s of Ki (Table 1), and shows
the relationship between in vivo nootropic potency and Ki of in vitro
antagonism of nootropics against pentobarbital inhibition of
glucose transport in erythrocytes (d.f.¼ (N-2)¼ 7; correlation
coefficient r¼ 0.804; Po0.01). The circled numbers refer to the
following drugs. DM235 (Ghelardini et al., 2002); CG370
(Ogasawara et al., 1995); Cyclo (pro-gly) (Seredenin et al., 2002);
TRH (Brooks et al., 1987); (Abou-Khalil et al., 2003; Brooks

et al., 1987; De Reuck & Van Vleymen, 1999; Devinsky & Elger,
2003); Piracetam (Koskiniemi et al., 1998; De Reuck & Van
Vleymen, 1999; Genton et al., 1999); Aniracetam (Spignoli &
Pepeu, 1987); L-Pyroglutamate (Spignoli et al., 1987); L060
(Noyer et al., 1995). The in vivo potencies of the drugs were obtained
from literature reports of the i.p. dose required to observe a
significant nootropic response against scopolamine-induced memory
loss. The curvilinearity of the regression line is introduced by using
the logarithmic axes required to show the full range of the
regression. The regression line is weighted to the errors of the
antagonist Ki’s of the drugs using the software package in
Kaleidagraph 3.6.
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by glial cells and neurons, rather than a direct effect on

transport.

Only simultaneous testing of nootropic drug effects on brain

glucose uptake and neural activity stimulated by local

application of excitatory amino acids can provide an answer

to the question of whether increased glucose transport has a

primary significance to brain function, cognition and memory

or is secondary to enhanced neural activity (Browne et al.,

1998). Nevertheless, the new antagonistic relationships de-

scribed here between the opposing actions of hypnotic drugs

and nootropic on GLUT1 may be a useful analogue for further

elucidation of nootropic drug action.

The evidence favouring a linkage between glucose uptake

and loss or improvement of cognition in AD is the nootropic-

dependent improvement in cognition in AD, particularly in

subjects with APOE-3/4 (Cacabelos et al., 2000). There is also

a decrease in GLUT1 expression in brain capillaries in AD

(Harik & Kalaria, 1991) and a reported functional improve-

ment in AD patients treated with Cerebrolysin, a neurotrophic

drug (Ruether et al., 2002) that increases GLUT1 expression in

the blood–brain barrier (Boado et al., 1999). Diminished

uptake in brain glucose uptake in APOE-4 þ /þ subjects

decades prior to the onset of clinical symptoms (Reiman et al.,

2004) suggests that deficiency in glucose transport and

cognition are only indirectly linked. This implies that reversal

of this chronic deficiency could have a prophylactic role in

slowing brain degeneration in AD.

Comparison of direct inhibition of glucose transport with
indirect action on glucose transport by antagonism of
hypnotic induced inhibition of glucose transport

Nootropic drugs have been demonstrated here to have two

actions on glucose transport. Some inhibit glucose transport

directly. The other effect is to antagonise the inhibition of

glucose transport by hypnotic drugs. Three classes of

nootropic action are found. Some nootropics only have an

antagonistic effect on hypnotics without any direct inhibition

of glucose transport in the range of concentrations used, for

Figure 6 Histograms showing the ratios of Ki’s for indirect
antagonism of pentobarbital-dependent inhibition of glucose exit
and the Ki of inhibition of glucose exit by the drug. Also shown are
the Ki’s of drug antagonism against pentobarbital-dependent
inhibition. The inhibitions of glucose exit by TRH, piracetam, L-
pyroglutamate and ucb L060 are very small, so the Ki’s of inhibition
of glucose are likely to be underestimates. Thus, the Ki ratios of
direct inhibition of glucose: indirect antagonism of pentobarbital by
these drugs may be underestimates.

Figure 7 Map of regions of similarity between GABAA receptor
and GLUT1 on the basic skeleton of GLUT1 showing the relative
positions of the transmembrane helices and the exofacial and
endofacial linkers. Regions of similarity between GABAA receptor
and GLUT1. The labels a, b and g refer to the GABA receptor
subunits. A, B and C are positions of benzodiazepine-binding loops
in subunit a and E and D in subunit g forming a single
benzodiazepine-binding pocket within GABAA receptor (Sigel and
Buhr 1997; Ernst et al., 2003). The 3-D structure of GLUT1 is
shown using the known topology of the 12 transmembrane helices of
the major facilitator superfamily (Hirai et al., 2003). The positions of
the similarities A–E with equivalent regions on GABAA receptor are
shown. The exofacial linkers between the transmembrane helices are
shown either as a dotted line where similarities with GABAA
receptor are present or as a continuous line. The endofacial linkers
are not shown. Glucose is thought to bind within the central
hydrophilic pore (Mueckler & Makepeace, 2004). The rhomboid
shape represents the position where benzodiazepine may bind. It is
surrounded by six regions of similarity within the benzodiazepine-
binding domain of GABAA receptor (see Table 3). This region could
form a noncatalytic site of inhibition of glucose transport by
preventing glucose-induced conformational changes.

R.J. Naftalin et al Nootropic action on erythrocyte glucose transport 603

British Journal of Pharmacology vol 142 (3)



example, TRH, piracetam and cyclo-prolylglycine (Figure 6

and Tables 1 and 2). These agents have a high Ki ratio E40–
100 for antagonism of pentobarbital in comparison with their

Ki’s for inhibition of glucose exit. A second class, including

levetiracetam, L-pyroglutamate, DM 235, aniracetam and the

TRH agonist, CG 3703, has Ki ratios in the range 4–20, that is,

they antagonise pentobarbital inhibition of glucose, but at

higher concentrations they inhibit glucose transport. A third

group consists of analeptic drugs, bemigride and methamphe-

tamine. Both act as partial antagonists of glucose transport

having a high affinity for GLUT1, but only induce an

incomplete inhibition of sugar exitE30%. In addition, neither
of these drugs has a strong antagonist effect against

pentobarbital-induced inhibition of glucose flux (Figure 6).

They have Ki ratios of direct inhibition: antagonism against

pentobarbital o1.
If a major function of nootropic drug action is to antagonise

hypnotic drug effects on glucose transport, then it is counter-

productive if it also inhibits glucose transport. It can be seen

from Figure 6 that there is only a weak correlation between the

Table 3 Sequence similarities between GLUT1 and rat GABAA receptor subunits a1 and g2 position on GABA and
GLUT are shown in Figure 7

rat.alpha1 from: 88 to: 107 Smith–Waterman score: 39; 44.4% identity in 9 aa overlap (88–96:40–48)

rat.alpha1 from: 142 to: 107 Smith–Waterman score: 28; 22.7% identity in 22 aa overlap (153–174:121–142)

rat.alpha1 from: 230 to: 249 Smith–Waterman score: 27; 50.0% identity in 10 aa overlap (234–243:130–139)

rat.gamma2 from: 166 to: 185 Smith–Waterman score: 22; 44.4% identity in 9 aa overlap (175–183:18–26)

rat.gamma2 from: 122 to: 131 Smith–Waterman score: 46; 50.0% identity in 12 aa overlap (112–123:40–51)

rat.gamma2 from: 207 to: 226 Smith–Waterman score: 24; 33.3% identity in 12 aa overlap (207–218:112–123)

The sequences are obtained in comparison with the benzodiazpine-binding folds in rat GABAA subunits (Sigel & Buher, 1997; Ernst et al.,
2003) letters A–E. The Smith–Waterman scores (1981) are indices of similarity between sequences based on identity (homology) or
similarity, where similar amino-acid types are substituted leading to minimal conformation changes. A penalty is deducted for gaps in the
alignments as well as for substitutions.
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Ki for direct inhibition of glucose transport and the Ki for

antagonism of pentobarbital.

Tentatively, it can be suggested that group 1 drugs are useful

nootropics as they antagonise inhibition of glucose uptake by

endogenous agents, for example, galanin and drugs like

barbiturate, without themselves inhibiting glucose uptake.

Group 2 that includes drugs like levetiracetam make better

antiepileptics than nootropics, as they have a modest

inhibitory effect on glucose uptake, similar to pentobarbital,

which is both a hypnotic and an antiepileptic drug. The

analeptic effects and seizure-promoting effects of bemigride

and amphetamines are unlikely to be explicable in terms of

their very modest effects on glucose transport. Their relatively

high affinities as antagonists of pentobarbital may mirror

similar effects on GABA or glycine receptors in preventing the

action of endogenous sedatives like galanin.

Search for similarities between GLUT1 and the
benzodiazepine-binding site of GABAA receptor

Barbiturates have a wide variety of affinities on many

receptors and transporters (Marszalec & Narahashi, 1993;

Daniell, 1994; Germann et al., 1994; Koltchine et al., 1996;

Krampfl et al., 2000). The site with highest sensitivity to

barbiturates and benzodiazepines is the pentameric, GABAA
receptor. Its isoforms have affinities for pentobarbital in the

range 58–528 mM (Thompson et al., 1996, Adkins et al., 2001;
Wallner et al., 2003). GABAA receptor also binds benzodia-

zepines and steroid anaesthetics (for review, see Smith & Olsen

1995). GABAA receptor consists of 2a, 2b and a single g
subunit. GABA binds to extracellular loops between a and b
subunits, whereas benzodiazepines bind between a and g
subunits (Cromer et al., 2002; Sigel, 2002; Ernst et al., 2003).

Anaesthetics act on GABAA receptor by increasing the open

probability of the chloride conductance channel following

GABA binding, thereby increasing the efficacy of GABA

(Wallner et al., 2003).

Our previous work has shown that there are similarities

between the ligand-binding domains of the human oestrogen

receptor and the endofacial surface of GLUT1 (Afzal et al.,

2002), and between human androgen receptor ligand-binding

domain and the exofacial surface of GLUT1 (Naftalin et al.,

2003). Since pentobarbital and benzodiazepine binding to

GABAA receptor sites have been identified as being at the

interface between g and a subunits (Smith & Olsen 1995;

Thompson et al., 1996; Cromer et al., 2002; Sigel 2002; Ernst

et al., 2003), we looked for homologous sequences in GLUT1

to those in GABA implicated in benzodiazepine binding (see

Methods). Although the overall percentage similarity between

GABA subunits and GLUT1 is only 28.771.5 (s.d.) and the
percentage homology is 19.771.8 (s.d.), there are localised
regions within GLUT1 with a much higher percentage

similarity to the benzodiazepine-binding region of GABAA,

which points to a possible binding site for benzodiazepine in

the N-terminal half of GLUT1 (Figure 7).

The putative region where benzodiazepine binds in GLUT1

is close to the exofacial surface, surrounded on four sides by

regions with a high similarity to the benzodiazepine-binding

loops in rat GABAA a and g subunits localised around the
external linker sequences between transmembrane helices 1

and 2 and between 3 and 4 (see Table 3, Figure 7). No previous

inhibitor has been observed to bind within the N-terminal half

of GLUT1 (Naftalin, 2003). This hypothetical site for

barbiturate and possibly nootropic binding on GLUT1 is

suitably placed to act as a noncatalytic inhibitor of glucose

transport, as it is does not impinge on the hydrophilic pore,

through which it is presumed that glucose traverses GLUT1.

Binding at this site could prevent the conformational changes

required of net sugar transport, but would not compete

directly with glucose binding to the transporter. This same

model of GLUT1, based on the 3-D structure of the major

facilitator superfamily (Hirai et al., 2003), has also been used

recently to confirm the site for glucose binding within the

central hydrophilic pore (Mueckler & Makepeace, 2004).

Nootropics binding at this site can be presumed to compete

with hypnotic binding, but permit the conformational changes

induced by glucose, which facilitate transport. Similarly, low-

affinity binding of racetams may occur at neurotransmitter

receptors and could explain how drugs like levetiracetam

compete with a range of hypnotic drugs, yet cannot be

demonstrated to bind directly to receptors (Noyer et al., 1995;

Fuks et al., 2003; Gillard et al., 2003).
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