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Neuroadaptation
odiazepines is compromised by rapid sedative tolerance and diverse withdrawal
symptoms. To assess the role of AMPA-type glutamate receptor GluR-A subunits in neuroadaptation to
subchronic benzodiazepine treatment, GluR-A subunit-deficient mice were rendered tolerant by a high-dose
seven-day flurazepam treatment (40 mg/kg, s.c., twice a day for 4 days, 60 mg/kg twice a day for 3 days). The
acute effects to flurazepam were not changed in the GluR−/− mice compared with their littermate control
mice. GluR-A−/− mice developed less tolerance than their controls as demonstrated in behavioral tests for
muscle relaxation and sensory functions. Actually, the knockout mice exhibited slower recovery than their
littermates from impaired gait and pelvic position after an acute 40 mg/kg dose of flurazepam. The apparent
elimination of flurazepamwas similarly increased in the knockout and control mice as assessed by blood and
brain concentrations 2 h after acute and chronic treatments, but the active metabolite desalkylflurazepam
cumulated similarly in both mouse lines. Withdrawal symptoms, precipitated by flumazenil (20 mg/kg, s.c.)
48 h after discontinuation of the flurazepam treatment, were enhanced in the GluR-A−/− mice. The results
stress the importance of the AMPA-receptor system in neuroadaptation to acute and chronic effects of
benzodiazepines.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Benzodiazepine (BZ) treatment is widely used for quick and efficient
anxiolytic and sedative responses.However,when the use is extended to
longer periods, adverse effects emerge. These include tolerance to the
initial drug effect, dependence as revealed by withdrawal symptoms
after treatment discontinuation, and abuse problems (O'Brien, 2005;
Rosenbaum, 2005).

γ-Aminobutyric acid type A (GABAA) receptors mediate the main
effects of BZs (Korpi et al., 2002). BZs bind to the GABAA receptor and
modulate their properties allosterically, which suggests that receptor
adaptation could provide possiblemechanisms for the development of
tolerance and withdrawal symptoms. Many properties of the GABAA

receptor complex have been observed to change during long-term BZ
treatment. These include changes in the affinity andnumber of binding
sites of BZs, altered receptor subunit composition, uncoupling of the BZ
binding-site from the receptor channel function, and changes in the
affinity and number of binding sites of GABA [for review, see Bateson,
2002; Hutchinson et al., 1996; Wafford, 2005]. Furthermore, GABAA

receptor subunit-specificity has been suggested to have a role in the
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development of tolerance to BZs by downregulation of α5 subunit-
containing receptors in the hippocampal dentate gyrus (Li et al., 2000;
van Rijnsoever et al., 2004). Most of these studies have employed low
to moderate doses of BZs, to which tolerance is quickly developed.

Other neurotransmitter systems have also been implicated as
mechanisms underlying tolerance and dependence to BZs. Especially
interesting is the main fast excitatory neurotransmission system in the
brain using glutamate as the transmitter. It has been suggested that the
BZ-induced increase in inhibitory transmission is counteracted by the
glutamatergic system through modified glutamate metabolism and/or
modified receptor mechanisms (Allison and Pratt, 2003; Izzo et al.,
2001).Whenmice are chronically co-treatedwith BZs and an antagonist
of N-methyl-D-aspartate (NMDA) receptors, tolerance develops only
partially (Steppuhn and Turski, 1993). Development of tolerance to BZs
increases mRNA of NMDA receptor NR1 and NR2B subunits, which can
be reversedbyNMDAreceptor antagonistMK-801 (Almirón et al., 2004).
Furthermore, withdrawal symptoms are reduced by the administration
of NMDA and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor antagonists in a time-dependentmanner: the former is
effectivewhengivenat the timeofwithdrawal and the latterwhengiven
just prior to the appearance of the symptoms (Steppuhn and Turski,
1993). An increase in the number and activity of AMPA receptors in BZ
tolerance is evidenced by increased binding of AMPA-receptor ligand
[3H]Ro 48-8587 and by increased electrophysiological responses
(Allison et al., 2005; Van Sickle and Tietz, 2002).
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Table 1
Scoring of the behavioral measurements used in experimental procedures

Behavior Scoring

Transfer arousal 0=Coma
1=Prolonged freeze, then slight movement
2=Extended freeze, then moderate movement
3=Brief freeze (a few s), then active movement
4=Momentary freeze, then swift movement
5=No freeze, immediate movement
6=Extremely excited (“manic”)

Locomotor activity Number of crossed squares in 30 s
Pelvic elevation 0=Markedly flattened

1=Barely touches
2=Normal (3 mm elevation)
3=Elevated (more than 3 mm elevation)

Tail elevation 0=Dragging
1=Horizontally extended
2= Elevated / Straub tail
3=Extensive elevation / Straub tail

Gait 0=Normal
1=Fluid but abnormal
2=Limited movement only
3=Incapacity

Touch escape 0=No response
1=Mild (escape response to firm stroke)
2=Moderate (rapid response to light stroke)
3=Vigorous (escape response to approach)

Startle reflex 0=None
1=Preyer reflex (backwards flick of pinnae)
2=Jump less than 1 cm
3=Jump more than 1 cm

Wire test 0=Active grip with hindlegs
1=Difficulty to grasp with hindlegs
2=Unable to grasp with hindlegs
3=Unable to lift hindlegs, falls within seconds
4=Falls immediately

Righting reflex 0=No impairment
1=Lands on side
2=Lands on back
3=Fails to right when placed on back

Contact righting reflex 0=Absent
1=Present
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Importantly, the GluR-A (GluR-1) subunit of AMPA-type glutamate
receptors has been implicated in neuroadaptational mechanisms, such
as long-term potentiation (LTP), learning and memory and drug
addiction (Bannerman et al., 2006; Carlezon and Nestler, 2002). During
hippocampal synaptic plasticity, GluR-A subunit-containing receptors
are targeted to the cell membrane, a pivotal event in LTP (Hayashi et al.,
2000; Shi et al., 2001). Pharmacological study of the role of GluR-A
subunit-containing AMPA receptors in the development of BZ tolerance
is hampered by the lack of a selective ligand. Fortunately, a knockout
mouse line has been generated in which the hippocampal LTP is
abolished but the synaptic transmission remains largely unmodified
(GluR-A−/−mice; Zamanillo et al., 1999). This defect in LTP is rescued by
genetic re-expression of the GluR-A subunit (Mack et al., 2001). In the
GluR-A−/− mice, chronic morphine administration leads to reduced
tolerance andwithdrawal symptoms, indicating an interaction between
sedative opioid and excitatory glutamate neurotransmitter systems and
highlighting the role of AMPA receptor mechanisms in the effects of
addictive drugs (Vekovischeva et al., 2001).

Here we studied the effects of BZ flurazepam (FZ) at high doses in
acute and chronic settings of tolerance and dependence in GluR-A−/−
mice (Zamanillo et al., 1999). We used measurements in which the
phenomenon of “learning while intoxicated” should play only a minor
role in order to find out the significance of GluR-A subunit-containing
AMPA receptors in the adaptation of the brain to the effects of high BZ
levels.

2. Methods

2.1. Subjects

GluR-A−/− mice were produced by deletion of the Gria1 gene as
described previously (Zamanillo et al., 1999). The mice were back-
crossed to C57BL/6NHsd (Harlan BV., Horst, Netherlands) line seven
times. In the experiments, male and female GluR-A−/− mice and their
wild-type littermate controls were from heterozygous breeding, and
all experiments were carried out at the age of 2.5–4 months. The
animals were genotyped using tail-tip biopsy samples at the age of
30 days. The tails were digested overnight with proteinase-K (0.5 mg/
ml; Finnzymes Oy, Espoo, Finland) at 55 °C and centrifuged at 15300 g
for 10min followed by PCR on the supernatant as described previously
(Zamanillo et al., 1999). The experimental animals were kept 2–4 per
cage (37×21×15 cm, Tecniplast, Buguggiate, Italy) containing aspen
chips and they had free access to standard rodent food pellets (Harlan)
and tap water. The temperature of the animal room was kept at 21–
23 °C and relative humidity at 50–60%with the lights on from 7 a.m. to
7 p.m. The experimental procedures were approved by the Experi-
mental Animal Committee of the University of Helsinki and by the
Southern Finland Provincial Government.

2.2. Behavioral testing procedures

The drug effects were evaluated by behavioral and functional tests
selected from the primary SHIRPA mouse observational assessment
protocol based on Irwin's earlier categorization of mouse behavior
(Irwin, 1968) and modified as described in Vekovischeva et al. (2004).
Briefly, the mice were visually observed in an open arena, on a
horizontal wire and on a walking beam. The open arena consisted of
an acrylic glass cage (55×33×18 cm), the floor of which was covered
with a white plastic sheet divided into 15 squares of equal size. First,
transfer arousal was scored by dropping the animal on the center of
the arena and observing the immediate reaction of the animal. This
was done by putting the animal in an acrylic glass cylinder (15×11 cm)
with a metal sheet underneath it, and letting the animal fall from the
cylinder by removing the sheet at approximately 25 cm above the
arena. Locomotor activity (crossed squares), pelvic elevation, tail
elevation and gait were assessed for 30 s immediately after transfer
arousal evaluation. Touch escape was determined by touching the
animal with a finger from above. The startle reflex was observed by
generating a 90-dB click sound 30 cm above the animal using a click-
box (MRC Institute of Hearing Research, Nottingham, UK). The
grasping reflex of the hindlegs was assessed by holding the animal
by its tail above a horizontal metal wire (at the height of 30 cm),
allowing it to grip thewirewith its forelegs, lowering the animal to the
horizontal, and then releasing the animal to test its ability to grasp the
wire with its hindlegs. Motor coordination was assessed with a
wooden walking beam (length 80 cm, diameter 1.2 cm, height 60 cm)
by monitoring the animal's ability to walk on the beam towards a safe
laboratory bench. The righting reflex was evaluated by holding the
animal by its tail and flipping it to the air in a backward somersault
and then observing the landing position. The contact righting reflex
was assessed by placing the animal in an acrylic glass tube (20×4 cm).
The tube was rolled over to turn the animal upside down and the
latency for the animal to right itself was measured. The body
temperature was measured by a mouse rectal probe thermometer
(BAT-12, Physitemp, Clifton, NJ). The tests were scored as described in
the SHIRPA testing protocol, except for the tail elevation which was
scored 0–3: 0=dragging tail, 1=horizontally extended, 2=elevated/
Straub tail, 3=extensive elevation/Straub tail. The scoring of the
measured behaviors is presented in Table 1. The behavioral testingwas
carried out genotype-blind, i.e., the experimenter was not aware of the
mouse genotype while performing the experiments.

Withdrawal symptoms were precipitated by an injection of
flumazenil and observed by placing the animal in an acrylic glass
cylinder (diameter 20 cm, height 40 cm). Behavioral parameters
(jumping, digging, stretching, “wet-dog”—like shakes, forepaw



Fig. 1. Acute responses of GluR-A−/− and littermate GluR-A+/+ mice to flurazepam
(40 mg/kg s.c.) in various behavioral tests. The behavior was scored 30 min after
flurazepam (FZ) or saline (SAL) injections. The effects were not different between the
lines in any of the tests, except that the body temperaturewas 0.4 °C lower in GluR-A−/−
mice. FZ affected significantly all behaviors (except the startle scores in the wild-types).
Bars aremeans±SEM, n=18–21.*pb0.05, **pb0.01 and ***pb0.001 for the significance of
the difference within line between the flurazepam and saline groups (unpaired t-test).

285T. Aitta-aho et al. / Pharmacology, Biochemistry and Behavior 92 (2009) 283–290
tremor, paw treading, head twitching, writhing, circulating behavior,
and pelvic elevation) were monitored for 15 min for each animal from
videotapes. One score point was given for each parameter and the
total score was summed up for each mouse. Both FZ-treated and
saline-treated mice received flumazenil injections. The withdrawal
scores of FZ-treated mice were compared with those of saline-treated
mice.

2.3. Drugs and injections

Flurazepam hydrochloride (FZ; Sigma, St. Louis, MO) was dissolved
in 0.9% saline. Flumazenil (Sigma) was dissolved in a small volume of
Tween 20 (Fluka Chemie GmbH, Buchs, Switzerland), sonicated, and
filled to correct volume with saline. Control animals were injected
with saline. Both drugs and saline were injected subcutaneously in a
10 ml/kg volume.

2.4. Experimental procedures

2.4.1. Effects of and recovery from an acute dose of flurazepam
FZ was given as a single 40 mg/kg injection and the mice were

followed for a 12-h period. Behavioral testing was performed
immediately before the drug injection, at 30 min after the injection
and thereafter at one-hour intervals.

With another group of mice, the time elapsed in recovering
behavior after a single dose of FZ (40 mg/kg) was determined. The
criterion for recovery was met when the SHIRPA protocol parameters
of gait, pelvic elevation and horizontal beamwalking performance had
returned to their corresponding baseline values. Body temperature
was determined at the time of recovery, and blood and brain tissues
dissected for determination of drug concentrations.

2.4.2. Subchronic administration of flurazepam and withdrawal
symptoms

Mice received FZ injections twice a day at 12-h intervals for seven
days. The dose per injection was 40 mg/kg for the first four days and
60 mg/kg for the next three days, giving total daily doses of 80 and
120 mg/kg, respectively. Development of tolerance was assessed by
behavioral testingon the 1st, 4th, 5th and 7th test day of drug treatment,
30min after the FZ or saline injection using the complete SHIRPA test. A
group of treated animalswas tested forwithdrawal symptoms48h after
the last FZ injection. Withdrawal was precipitated by injecting both
flurazepam and saline-treated mice with 20 mg/kg flumazenil, and the
animals were immediately scored for withdrawal signs for 15 min.

2.5. LC-MS analysis for flurazepam and desalkylflurazepam content in
blood and brain

For the determination of FZ and desalkylflurazepam (DES) concen-
trations, bloodplasmaandbrain sampleswere collected at four sampling
time points: 1) 2 h after a single injection of FZ (60 mg/kg), 2) when the
mice had recovered from the single 40 mg/kg dose of FZ, 3) 2 h and 4)
48 h after the last 60mg/kg injection at the end of the seven-day chronic
FZ treatment. TheDES concentration is at its highest 2 h after FZ injection
(Miller et al., 1988a). The mice were decapitated. Trunk blood was
collected into tubes containing EDTA and centrifuged. The brains were
quickly dissected and frozen on dry ice. The samples were stored at
−80 °C until assayed. Before analysis, the brains were homogenized
mechanically (Ultra-Turrax, Janke & Kunkel GmbH, Staufen, Germany) in
20 mM Tris–HCl buffer. FZ and DES concentrations were determined by
the use of a PE SCIEX API 2000 liquid chromatography-tandem mass
spectrometry system (Sciex division of MDS, Toronto, Canada) (Darius
and Banditt, 2000; Miller et al., 1988a). The ion transitions monitored
weremass-to-charge ratio (m/z) 388 tom/z315 for FZ,m/z289 tom/z140
for DES, andm/z 314 tom/z 268 for the internal standard, flunitrazepam.
The limit of quantification for FZwas 0.1 ng/ml (in our samples the limits



Fig. 2. Acute effects of flurazepam in the GluR-A−/− and littermate control mice in
selected tests of motor function and reflexes after 40 mg/kg s.c. The behavioral
parameters of GluR-A−/− and GluR-A+/+ mice were determined at baseline and 30 min
after the injection, and thereafter at 1 h intervals until 12 h. Data are means±SEM,
n=10–12 for each genotype. *pb0.05, **pb0.01, ***pb0.001 between genders; #pb0.05,
##pb0.01, ###pb0.001 between the lines (unpaired t-test).
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corresponded to0.26nmol/L and2.6nmol/kg for plasmaandbrain tissue
equivalents, respectively) and for DES 5 ng/ml (17 nmol/L and 173 nmol/
kg for plasma and brain tissue equivalents, respectively).

2.6. Statistics

Thedata fromtheacute FZexperimentswereanalyzedwith three-way
ANOVA (genotype×gender×drug), and the data on the recovery of
behavioral function with two-way repeated-measures ANOVA
(genotype×gender, with time as the within-subjects factor). The data
from the subchronic FZ experiment were analyzed with three-way
repeated-measures ANOVA (genotype×gender×drug, with day as the
within-subjects factor), and those from the withdrawal symptoms with
three-way ANOVA (genotype×gender×drug). The drug concentration
datawereanalyzedwith three-wayANOVA(genotype×gender×sampling
time). The SPSS statistical package (version 12.0.1, SPSS Inc., IL, USA) was
used in the analyses. When significant differences were indicated by
ANOVA, a post-analysis was carried out with unpaired t-test, least
significantdifferencepost-test, orWilcoxonmatched-pair test. The signifi-
cance was set at pb0.05. To make the results easily readable, the F-values
andp-values are expressed only for the least significant SHIRPAparameter
in the acute and subchronic treatment experiments.

3. Results

3.1. Acute effects of flurazepam

The GluR-A−/− mice were compared to their wild-type GluR-A+/+
littermates in regard to sensitivity to FZ (40mg/kg) by assessing various
behavioral parameters according to the SHIRPAprotocol 30min after the
injectionof thedrugor saline.Noneof themeasuredparameters showed
a difference between the genotypes (pN0.05), except for the body
temperature that was slightly lower in the knockouts (Fig. 1). The drug
effect was clearly detected in all parameters (F1,69N9.95, pb0.01). There
were no significant genotype×drug interactions, nor any gender effects.
All parameters reflecting motor functions, reflexes and activity, i.e.,
locomotor activity, motor coordination on the walking beam, gait,
horizontal wire test, righting reflex and contact righting reflex were
similarly reduced/impaired in both lines after FZ as compared with
saline controls (pb0.05, unpaired t-test). In addition, muscle relaxation,
as assessed by loss of pelvic and tail elevation, was increased in both
mouse lines (pb0.01). Sensorimotor function, such as touch escape, was
significantly affected in both lines (pb0.05), but the startle reflex was
slightly attenuated only in the GluR-A−/− mice (pb0.001). Transfer
arousal (pb0.01) and body temperature (pb0.001) were reduced by FZ
in both lines. The measured parameters thus showed strong acute
behavioral effects of FZ both in the wild-type and GluR-A−/− mice
without any consistent genotype difference.

3.2. Recovery from an acute dose of flurazepam

Next, we wanted to test whether behavioral recovery from the
effects of a single FZ injection (40 mg/kg) to naïve animals differed
between the GluR-A−/− mice and their wild-type littermates. Because
of the protracted behavioral effect of FZ, which is also due to its
pharmacologically active metabolite DES (Bradley and Nicholson,
1984), we observed the behavior for 12 h. The acute sedative and
motor-impairing effects of FZ were identical in GluR-A−/− and wild-
typemice before they started to recover. Also, the baseline values in all
tests determined prior to the FZ injection were identical between the
mouse lines. The recovery as measured by gait (F1,20=27.6, pb0.001)
and pelvic elevation (F1,20=26.3, pb0.001) (Fig. 2) was compromised
in the GluR-A−/−mice as compared with the GluR-A+/+ littermates. In
another set of animals, it also took longer for the GluR-A−/− mice to
recover from the FZ injection than for their wild-type littermates
(F1,18=52.1, pb0.001) (Fig. 3). The body temperature at full recovery



Fig. 3. Recovery of function after an acute dose of flurazepam 40 mg/kg s.c. A. Recovery
time in hours after the FZ injection to GluR-A−/− and GluR-A+/+ mice. The criterion for
recovery was that the scores of the SHIRPA parameters of gait, pelvic elevation, and
horizontal beam walking performance returned to their baseline values. B–E. FZ and
DES concentrations in blood and brain tissues. The data are means±SEM, n=4–5.
*pb0.05, **pb0.01 (unpaired t-test).

Table 2
Flurazepam (FZ) and desalkylflurazepam (DES) concentrations in blood and brain of
acutely and subchronically flurazepam-treated GluR-A−/− knockoutmice and GluR-A+/+
wild-type mice

Sample WT males WT females KO males KO females

2 h after an acute 60 mg/kg injection of FZ
FZ
Blood (μmol/L) 2.38±0.68 2.57±0.69 4.51±2.15 4.00±1.59
Brain (μmol/kg) 3.98±0.72 2.23±0.48 3.52±0.81 2.78±0.97
Brain/blood

ratio
2.25±0.70 1.29±0.36 2.05±0.90 1.52±1.00

DES
Blood (μmol/L) 4.03±0.30 1.68±0.28### 3.70±0.56 1.26±0.15##

Brain (μmol/kg) 5.65±0.41 2.24±0.29### 5.64±0.89 1.96±0.22##

Brain/blood
ratio

1.41±0.07 1.37±0.07 1.52±0.05 1.56±0.05

DES/FZ ratio
Blood 1.77±0.41 0.64±0.14# 2.66±1.66 0.50±0.23
Brain 0.97±0.19 1.35±0.22 0.91±0.22 1.94±0.61

2 h after the last 60 mg/kg dose of subchronic FZ
FZ
Blood (μmol/L) 0.31±0.09** 0.43±0.16* 0.44±0.26* 0.29±0.05**
Brain (μmol/kg) 1.03±0.24** 1.02±0.34 0.75±0.15** 0.87±0.25*
Brain/blood

ratio
4.34±1.17 3.62±1.30 5.37±1.59 3.40±0.12

DES
Blood (μmol/L) 9.03±0.45*** 4.36±0.40###*** 8.60±0.87** 4.23±0.62##*
Brain (μmol/kg) 14.8±0.78*** 6.45±0.73###*** 14.3±1.21** 6.08±0.69###**
Brain/blood

ratio
1.64±0.06 1.47±0.07 1.69±0.11 1.52±0.10

DES/FZ ratio
Blood 31.99±6.62** 13.13±3.84#** 48.14±14.71* 13.32±2.53#**
Brain 14.97±3.19** 11.40±4.13* 15.93±2.23** 10.13±2.68

Data are expressed asmean±SEM (n=4–9). Three-way ANOVA (genotype, gender, drug)
gave significant effects of drug for: blood flurazepam (FZ), F2,68=33.4, pb0.001; brain
FZ, F2,68=54.2, pb0.001; blood desalkylflurazepam (DES), F2,68=196.5, pb0.001; brain
DES, F2,68=258.5, pb0.001; blood DES to FZ ratio, F2,68=31.9, pb0.001; brain DES to FZ
ratio, F2,68=41.6, pb0.001; and of gender for: blood DES, F1,68=65.4, pb0.001; brain
DES, F1,68=98.4, pb0.001 and DES to FZ ratio in blood, F2,68=8.50, pb0.01. *pb0.05,
**pb0.01, ***pb0.001 between acute and subchronic treatments within genotype and
gender, ##pb0.01, ###pb0.001 between males and females within genotype (unpaired
t-test). No significant differences were observed in brain to blood concentration ratios.
Forty-eight hours after the subchronic FZ treatment, the concentrations of both FZ and
DES were below the limit of quantification (data not shown).
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did not differ between the genotypes or genders (data not shown).
Gait, pelvic elevation, righting reflex and walking beam performance
all showed a gender difference (F1,20=8.89, pb0.01; F1,20=7.08,
pb0.05; F1,20=36.1, pb0.001 and F1,20=20.8, pb0.001, respectively),
the female mice (n=6 for both GluR-A−/− and GluR-A+/+) recovering
from the FZ dose quicker than the males (n=6 for both GluR-A−/− and
GluR-A+/+).

Blood and brain concentrations of FZ and DES determined 2 h after
the FZ injection showed similar levels in both GluR-A+/+ and GluR-A−/−
mouse lines (Table 2). A lower level of DES in females suggests a slower
rate of formation, a fastermetabolism, or a larger volume of distribution
of DES in females than males. At the time of behavioral recovery, the FZ
concentrationwas similar in both genotypes as illustrated in Fig. 3B and
C (F1,18=0.007, pN0.05; F1,18=0.469, pN0.05, for FZ in blood and brain,
respectively) and genders (F1,18=0.560, pN0.05; F1,18=3.12, pN0.05, for
FZ in blood and brain, respectively). The DES levels in blood and brain
tissue, shown in Fig. 3D and E, were higher in GluR-A+/+ males than in
GluR-A+/+ females andGluR-A−/−males and females (genotype effect in
ANOVA: F1,18=34.33, pb0.001; F1,18=55.65, pb0.001, for DES in blood
and brain, respectively; gender effect: F1,18 =26.08, pb0.001;
F1,18=59.03, pb0.001, for DES in blood and brain, respectively;
genotype×gender interaction: F1,18 =28.86, pb0.001; F1,18 =53.51,
pb0.001, for DES in blood and brain, respectively). However, the higher
levels of DES concentration in GluR-A+/+males did not result in a longer
recovery time (Fig. 3A); this findingwas not observed in any other drug
condition.
3.3. Development of tolerance to subchronic flurazepam

During repeated high-dose treatment with FZ, the performance of
the mice was impaired and full tolerance developed only in some tests
(Fig. 4). The maximal behavioral effect of FZ was reached in all tests
30 min after drug administration, and this time point was used to test
the development of tolerance during subchronic FZ treatment (see Fig.
2). In all scores, there were significant drug effects and drug×day
interactions (drug: F1,69N19.0, pb0.001; drug×day interaction:
F3,207N2.68, pb0.05). In some tests, such as locomotor activity, walking
beam, righting reflex, pelvic elevation, touch escape, and transfer
arousal, themouse genotype effect was significant (F1,69N5.36, pb0.01),
whereas in gait, tail elevation, wire test, startle, contact righting reflex,
and body temperature, no genotype effect was found (F1,69b3.64,
pN0.05). The gender factor was significant in three tests (locomotion,
F1,69=9.08, pb0.01, wire test, F1,69=4.90, pb0.05 and body temperature,
F1,69=8.84, pb0.01), and gender×day interaction was significant in
locomotion (F3,207=4.326, pb0.01) and body temperature (F3,207=7.661,
pb0.001) tests. The significant gender effect in locomotion was largely
due to the higher activity in females than males after the first FZ
injection (pb0.01).

To corroborate the finding that the GluR-A−/− mice and their wild-
type littermates differed in tolerancedevelopment,we ran theWilcoxon
matched-pair test and compared the lines in regard to the behavioral
scores obtained on different testing days (Fig. 4). Between the first and
fourth day, the wild-types (pb 0.05) improved their scores significantly



Fig. 5.Withdrawal symptoms precipitated with flumazenil (20 mg/kg s.c.) in GluR-A−/−
and GluR-A+/+ mice 48 h after the cessation of subchronic flurazepam treatment.
Evaluation of symptoms included jumping, digging, stretching, “wet-dog”—like shakes,
forepaw tremor, paw treading, head twitching, writhing, circling behavior, and pelvic
elevation; each giving one score point. Each animal was scored immediately after
flumazenil injection for 15 min. Data are means±SEM, n=10–13. *pb0.05, **pb0.01,
***pb0.001 between FZ and saline groups within line (unpaired t-test). ##pb0.01
between lines, within FZ-treated groups (unpaired t-test).
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in 7 outof 12 tests,while theGluR-A−/−mice improvedonly in four tests.
Between the fifth and seventh day, after the elevated FZ dose, the scores
for the GluR-A−/− mice deteriorated further and there was a significant
genotype difference in 7 out of 12 scores (pb0.05). However, at this high
challenge dose, not even the wild-type mice developed statistically
significant tolerance, although their performance tended to improve
towards the behavioral values obtained after saline injection. The data
suggest that the GluR-A−/− mice have a reduced capacity to develop
tolerance to the effects of FZ. The decrease in body temperature showed
tolerance in both females andmales between the first and fourth day of
FZ administration (pb0.01 and pb0.05, for females and males,
respectively), but between the fifth and seventh day, the tolerance
development was significant only in females (pb0.01).

After a challenge dose, FZ concentrations in blood and brain tissue
were significantly reduced after subchronic FZ treatment as shown in
Table 2 (ANOVA: blood FZ, F2,68=33.4, pb0.001; brain FZ, F2,68=54.2,
pb0.001). In contrast, DES concentrations in blood and brain were
increased after chronic treatment (blood DES, F2,68=196.5, pb0.001;
brain DES, F2,68=258.5, pb0.001), similarly in GluR-A+/+ and GluR-A−/−
mice. The ratio of DES to FZ was greatly (ca. 15-fold) increased both
in blood and brain (DES to FZ ratio in blood, F2,68=31.9, pb0.001 and
brain, F2,68=41.6, pb0.001) (Table 2). No overall genotype effect or
genotype×sampling time interactionwas found (pN0.05). Furthermore,
the brain to blood concentration ratios for neither FZ nor DES were
changed by the chronic FZ treatment (F2,68=3.59, pN0.05 and
F2,68=2.84, pN0.05 for FZ and DES, respectively). However, females of
both genotypes had significantly reduced DES levels in their blood and
brain tissue (F1,68=65.4, pb0.001 and F1,68=98.4, pb0.001 for blood and
brain, respectively),whichwas also reflected in a reducedDES to FZ ratio
in blood (F2,68=8.50, pb0.01).

3.4. Withdrawal symptoms after subchronic flurazepam

Flumazenil administration (20 mg/kg) 48 h after the last dose of
subchronic FZ treatment provoked withdrawal symptoms in both
GluR-A−/− and wild-type mice (F1,38=16.0, pb0.001; Fig. 5). There
were more symptoms in the GluR-A−/− mice than in their littermates
Fig. 4. Performance of GluR-A−/− and littermate control mice in various behaviors
during subchronic flurazepam treatment. Scoring of the behaviors was carried out
30min after the first daily dose of FZ (40mg/kg s.c. on the 1st and 4th day, and 60mg/kg
on 5th and 7th day) or saline. Data points aremeans±SEM, n=18–21. *pb0.05, **pb0.01,
***pb0.001 within line between test days (Wilcoxon matched-pair test). #pb0.05,
##pb0.01 and ###pb0.001 between lines, within FZ-treated groups (unpaired t-test).
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(F1,38=6.45, pb0.05). Thenumberofwithdrawal symptomswas similar
in both genders (F1,38=0.60, pN0.05). After the chronic treatment, at
the 48-h sampling time point, the levels of blood and brain FZ and DES
were below the limit of quantification (data not shown).

4. Discussion

Behavioral assessment of the effects of acute and subchronic
treatment with FZ showed that the GluR-A subunit-deficient mouse
line has a reduced capacity to develop tolerance to this drug. This result
indicates that glutamatergic system has an important role in the
neuroadaptation process opposing the increased neuronal inhibitory
tone caused by BZs. However, precipitated withdrawal symptoms after
the treatment were stronger in the GluR-A−/−mice, pointing to further
differences in the neuronal/receptor adaptations between the knockout
and wild-type mice. As expected, we observed no pharmacokinetic
differences between the mouse lines. A strong induction of FZ
metabolism was detected in both lines after subchronic treatment,
however.

The deletion of the GluR-A subunit did not completely prevent the
development of tolerance, indicating that also other mechanisms
contributed to the BZ tolerance in the GluR-A−/− mice. Majority of the
literature concerning various animal species finds the pharmacody-
namic changes to be themost important factor in BZ tolerance (Loscher
and Schwark, 1985; Miller et al., 1988b; Scherkl et al., 1985). However,
also the metabolic induction leading to faster elimination of BZs might
influence the development of tolerance to BZs, (File, 1982). FZ
concentrations in blood and brain tissue were greatly reduced, i.e. to
about 1/10 in blood and to about 1/2–1/4 in brain, after subchronic
treatment in comparison to the concentrations after a challenge
injection with the same dose. Importantly, the concentrations of DES
were increased about three-fold. Subchronic FZ treatment greatly
increased the DES to FZ concentration ratio in both blood and brain
suggesting an induction of FZ metabolism. The elimination half-life of
DES in the mouse is approximately 6 h (Miller et al., 1988a), which can
lead to some cumulation of DESduring thedosingof FZ at 12-h intervals.
Cumulation of DES is supported by our tolerance data: only a slight
further developmentof tolerancewas observed in the latter phase of the
subchronic treatment, i.e. between the fifth and seventh day, when the
higher FZ dose was administered. Some further impairment was
observed in the performance of the GluR-A−/−mice, e.g., in the walking
beam test. The concentration of DES was lower in the females of both
genotypes, indicating a gender-specificity in FZ metabolism or distribu-
tion inmice. Regardless of thegender-difference in FZpharmacokinetics,
the males and females differed in tolerance development only with
respect to the body temperature reducing effect of FZ. Since the brain
concentrations of DES at 2 h after FZ administration were more than
1000-fold higher than the Ki values for [3H]flunitrazepam binding to rat
corticalmembranes [0.9 vs.13 nM for DES and FZ, respectively (Miller et
al., 1988a)], the receptor sites were apparently saturated. Functional
activity is, however, often detected in vitro only with high nanomolar or
micromolar concentrations (Yu et al., 1988). In summary, the receptor
sensitivity difference between DES and FZ and the difference in their
brain concentrations measured in the present high-dose experiment
suggest that DES was the main active compound in that study. As there
were no differences in the FZ or DES concentrations between themouse
lines, pharmacokinetic differences do not explain the lesser develop-
ment of tolerance in the GluR-A−/− mice.

The role of the GluR-A subunit in long-term BZ treatment has
previously been implicated by gene expression and protein level
studies (Izzo et al., 2001; Song et al., 2007). Furthermore, BZ
dependence enhances AMPA-mediated synaptic transmission in the
hippocampal CA1 region (Van Sickle and Tietz, 2002), and AMPA
receptor antagonists have been shown to be able to alleviate
withdrawal symptoms when administered before the onset of the
symptoms (Steppuhn and Turski, 1993). Our data seem to be at
variance with these studies because the GluR-A−/− mice had reduced
tolerance to FZ but exhibited more pronounced withdrawal symp-
toms. Therefore, unlike our earlier findings showing that subchronic
morphine induces less tolerance and less withdrawal symptoms in the
GluR-A−/− mice than in their littermates (Vekovischeva et al., 2001),
the results on FZ administration suggest a divergence of the
adaptation mechanisms between the development of tolerance and
dependence. It is thus likely that in the absence of an upregulatable
GluR-A subunit, which is an essential factor in many kinds of neuronal
plasticity events (Bannerman et al., 2006; Kauer, 2004), other
adaptation mechanisms, such as other glutamate and GABA mechan-
isms and/or e.g. the corticotropin-releasing factor mechanisms
(Skelton et al., 2007), must be recruited.

Acute effects of FZwerenot altered inGluR-A−/−mice, thusproviding
a solid basis for comparing the effects of repeateddrug administration. In
addition, GluR-A subunit deficiency did not affect the basal behavior of
saline-treated animals, despite the GluR-A−/− mice having been
described as hyperactive (Zamanillo et al., 1999; Vekovischeva et al.,
2001). Hyperactivity could not be detected in the present tests, which
did not include any exploration tasks. The lack of GluR-A subunit-
dependent neuroadaptation became evident also during the recovery
from an acute dose of FZ, as the GluR-A−/−mice needed a longer time to
regain their baseline performance. In fact, it is known that an AMPA
receptor turnover, by trafficking of AMPA receptors to synapses, occurs
quickly by mechanisms in which the GluR-A subunit has an established
role (Malenka, 2003). Thus, glutamatergic compensation during the
action of sedative drugs, such as benzodiazepine agonists (this study)
and opioids (Vekovischeva et al., 2001), is deficient in GluR-A−/− mice.
Such compensation is not, however, needed for adaptation to ethanol,
because ethanol effects, tolerance and dependence are unchanged in
GluR-A−/− mice (Cowen et al., 2003). Although ethanol inhibits the
glutamate receptor function (Lovinger et al., 1989; Möykkynen et al.,
2003), it acts via multiple neurotransmitter targets (Weiss and Porrino,
2002) and may thus induce many other adaptational mechanisms to
counteract its behavioral effects.

Excitatory glutamate and inhibitory GABA systems are known to
regulate and scale each other's functional activity during the develop-
ment in vivo and in in vitro cultured neurons (Martikainen et al., 2004;
Möykkynen et al., 2007). It thus seems possible that in the absence of
GluR-A subunit-containing AMPA receptors, the normal reciprocal
interaction is deficientwhen thebrain is challengedbyhighdoses of BZs.

In the present study, flumazenil precipitated withdrawal symptoms
after subchronic FZ treatment of mice. The present data allow one to
estimate that, although below the limit of exact quantification, low
nanomolar concentrations of FZ and DES may still have been present in
brain tissue at 48 h after the last FZ dose. Flumazenil, acting as a selective
antagonist of the allosteric BZ-site of GABAA receptors (Hunkeler et al.,
1981), apparently displaced the low drug concentrations and induced
the withdrawal symptoms by reducing the activity of the GABAA

receptors. Although the residual FZ or DES levels at withdrawal
precipitation remain unknown, significantly more withdrawal symp-
toms were observed in the GluR-A−/− mice than in their littermate
controls. Taking into account the reduced tolerance of the knockout
mice, one can suggest that a higher remaining inhibitory activity after
the seven-day subchronic FZ treatment was prevailing in the knockout
brains, perhaps due to the lack of down-scaling of theGABA system. This
condition might then result in a more pronounced withdrawal in
response to the blockade of the BZ sites. Therefore, tolerance to and
withdrawal symptoms from subchronic BZ treatment may have a
common neuronal substrate. Previous results using the same mouse
model show that both tolerance to and withdrawal from subchronic
morphine are decreased (Vekovischeva et al., 2001). Thus, the data
derived from the GluR-A subunit-deficient mouse line suggest common
mechanisms for opioid and BZ tolerance, probably involving GluR-A
subunit-containing AMPA receptors, but different from the ones
involved in the withdrawal from these compounds.
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