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Abstract: Alprazolam (ALP), a benzodiazepine (BDZ) used to treat anxiety, panic, and sleep disorders,
is one of the most prescribed psychotropic drugs worldwide. The side effects associated with long-
term (mis)use of ALP have become a major challenge in pharmacotherapy, emphasizing the unmet
need to further investigate their underlying molecular mechanisms. Prolonged BDZ exposure
may induce adaptive changes in the function of several receptors, including the primary target,
gammaaminobutyric acid receptor type A (GABAAR), but also other neurotransmitter receptors such
as glutamatergic. The present study investigated the potential effects of prolonged ALP treatment on
components of glutamatergic neurotransmission, with special emphasis on N-Methyl-D-aspartate
receptor (NMDAR) in the hippocampus of adult male Wistar rats. The study revealed behavioral
changes consistent with potential onset of tolerance and involvement of the glutamatergic system
in its development. Specifically, an increase in NMDAR subunits (NR1, NR2A, NR2B), a decrease
in vesicular glutamate transporter 1 (vGlut1), and differential modulation of excitatory amino acid
transporters 1 and 2 (EAAT1/2, in vivo and in vitro) were observed, alongside a decrease in α1-
containing GABAAR following the treatment. By describing the development of compensatory actions
in the glutamatergic system, the present study provides valuable information on neuroadaptive
mechanisms following prolonged ALP intake.

Keywords: Alprazolam; benzodiazepines; hippocampus; N-Methyl-D-aspartate receptor;
gammaaminobutyric acid receptor type A; excitatory amino acid transporters 1/2

1. Introduction

Alprazolam (ALP) is a highly potent benzodiazepine (BDZ) and one of the most
prescribed psychotropic medications worldwide, used for the treatment of anxiety, panic,
and sleep disorders [1,2]. Long-term use of ALP and other BZDs is not recommended but
is commonly practiced due to the complexity of the aforementioned disorders, which often
require prolonged treatment that exceeds the manufacturer guidelines [3]. Alprazolam also
exerts a high risk of abuse due to its rewarding, disinhibitory and anxiolytic effects, which
is why it is often taken for prolonged periods and/or in high doses [1,4,5]. Regardless of
the reason, prolonged ALP treatment is almost always harmful and causes side effects such
as tolerance, dependence, and withdrawal syndrome [3].

Alprazolam produces sedative, anxiolytic, muscle relaxant, anticonvulsant, and cogni-
tion impairing effects by binding to the BDZ site located at the junction of the α/γ subunits
of gammaaminobutyric acid (GABA) receptor type A (GABAAR). As a positive allosteric
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modulator, ALP increases the affinity of GABAAR for GABA [6,7] indirectly inducing adap-
tive changes in the function of various receptors and consequently different side effects.
The most prominent side effect is the development of tolerance to BDZ actions, which
has been associated with changes in GABAAR subunit expression, assembly, or allosteric
subunit uncoupling [8]. Experimental data suggest that BDZ tolerance, as well as depen-
dence and withdrawal following abrupt discontinuation of prolonged treatment, may also
be associated with an enhanced glutamatergic transmission [8]. The ability of N-Methyl-
D-aspartate receptor (NMDAR) antagonists to block the development of tolerance and
signs of dependence after long-term treatment with diazepam was demonstrated almost
three decades ago, indicating the importance of NMDAR-dependent mechanisms in the
development of BDZ tolerance [9,10]. To date, however, there is no experimental evidence
to support a generalized conclusion regarding the role of glutamatergic neurotransmission
in the development of BDZ tolerance and other side effects [7,11,12].

Alprazolam and all other BDZs modulate neurotransmission in various brain struc-
tures, as GABAARs are distributed throughout the whole CNS, with high densities in
cortex, hippocampus (HIP), cerebellum, amygdala, and basal ganglia in both human and
rat brain [7,13–15]. Among these structures, HIP represents a unique interface between
cognition and emotion [16]. This brain structure is involved not only in cognitive processes
such as episodic memory and spatial navigation, but also in the pathogenesis of mood and
anxiety disorders [17], as it is functionally heterogeneous along its dorsoventral axis [17,18].

In summary, although ALP and other BZDs are very effective in relieving the indicated
symptoms, its recommended use is limited to several weeks due to the high potential
for tolerance development and other side effects such as dependence and withdrawal
symptoms [3]. Nevertheless, prolonged use for months or even decades has been observed
in many users. Prolonged BZD use has been associated with deterioration of cognitive
function, increased risk of dementia and dementia-like illness, impaired sensory and motor
function, aggressive behavior, and others [3]. Short-acting BZDs such as ALP appear to
be at greater risk for adverse effects and tend to exhibit greater dependence [3]. Although
ALP is one of the most commonly (mis)used BZDs, the exact nature of the resulting
synaptic changes is limited and has been unfairly neglected. Considering the above risks of
prolonged use of BDZs, the present study investigated the previously unknown effects of
14 days ALP treatment on glutamatergic components, mainly NMDAR, in HIP of adult
male Wistar rats.

2. Results
2.1. Effect of Prolonged ALP Treatment on Anxiety—Like Behavior
2.1.1. Open Field Test

The two-tailed t-test revealed a statistically significant decrease in the number of entries
into the center of the arena (p = 0.046, t = 2.103, Figure 1E) in the ALP group compared to
VEH, while the time spent in it remained the same (Figure 1F), as did the distance traveled
in the center and speed (Figure 1C–D, respectively). No changes were observed in other
parameters reflecting overall locomotor performance, such as total distance traveled and
speed (Figure 1A–B). The results obtained, especially the lower number of entries in the
ALP group compared with VEH, as well as the track plots (Figure 1G), could indicate
tolerance development.
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Figure 1. Effect of prolonged 14 days ALP treatment on behavioral parameters in open field test. (A) 
Total distance traveled in arena [m], (B) total mean speed (m/s), (C) distance traveled in center [m], 
(D) mean speed in center [m/s], (E) number of entries to center, (F) time spent in center [s], (G) 
representative track plots of VEH (left) and ALP (right) group. Data were statistically analyzed by 
two-tailed t-test and expressed as percentage of the mean values of CONT group ± SEM (dots in the 
graphs represent values of individual animals). Symbols indicate significant differences between 
CONT and ALP group: * p < 0.05; animals per group: 13. 

2.1.2. Elevated Plus Maze Test 
The two-tailed t-test revealed a statistically significant decrease in the number of en-

tries into the open arm (p = 0.024, t = 2.41, Figure 2E, in agreement with the representative 
track plots in Figure 2G), with no change in time spent (Figure 2F). However, the distance 
traveled in open arms was also lower in animals treated with ALP compared with control 
animals (p = 0.0273, t = 2.350). Other parameters studied, such as total distance and to-
tal/open arms speed, remained unchanged (Figures 2 A,B,D). Similar to the results of open 
field test, the obtained data suggest a possible anxiogenic effect of prolonged ALP treat-
ment, which could be caused by the development of tolerance. 

Figure 1. Effect of prolonged 14 days ALP treatment on behavioral parameters in open field test.
(A) Total distance traveled in arena [m], (B) total mean speed (m/s), (C) distance traveled in center
[m], (D) mean speed in center [m/s], (E) number of entries to center, (F) time spent in center [s],
(G) representative track plots of VEH (left) and ALP (right) group. Data were statistically analyzed
by two-tailed t-test and expressed as percentage of the mean values of CONT group ± SEM (dots in
the graphs represent values of individual animals). Symbols indicate significant differences between
CONT and ALP group: * p < 0.05; animals per group: 13.

2.1.2. Elevated Plus Maze Test

The two-tailed t-test revealed a statistically significant decrease in the number of entries
into the open arm (p = 0.024, t = 2.41, Figure 2E, in agreement with the representative track
plots in Figure 2G), with no change in time spent (Figure 2F). However, the distance traveled
in open arms was also lower in animals treated with ALP compared with control animals
(p = 0.0273, t = 2.350). Other parameters studied, such as total distance and total/open
arms speed, remained unchanged (Figure 2A,B,D). Similar to the results of open field test,
the obtained data suggest a possible anxiogenic effect of prolonged ALP treatment, which
could be caused by the development of tolerance.
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open arms [m], (D) mean speed in open arms [m/s], (E) number of entries to open arms, (F) time 
spent in open arms [s], (G) representative track plots of VEH (left) and ALP (right) group. Data were 
statistically analyzed by two-tailed t-test and expressed as percentage of the mean values of CONT 
group ± SEM (dots in the graphs represent values of individual animals). Symbols indicate signifi-
cant differences between CONT and ALP group: * p < 0.05; animals per group: 13. 

Figure 2. Effect of prolonged 14 days ALP treatment on behavioral parameters in elevated plus maze
test. (A) Total distance traveled in maze [m], (B) total mean speed [m/s], (C) distance traveled in
open arms [m], (D) mean speed in open arms [m/s], (E) number of entries to open arms, (F) time
spent in open arms [s], (G) representative track plots of VEH (left) and ALP (right) group. Data
were statistically analyzed by two-tailed t-test and expressed as percentage of the mean values of
CONT group ± SEM (dots in the graphs represent values of individual animals). Symbols indicate
significant differences between CONT and ALP group: * p < 0.05; animals per group: 13.
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2.2. Effect of Prolonged ALP Treatment on Protein Expression of GARAAR α1 Subunit

Given that the ALP binding site is located on the junction of α/γ subunits, protein
expression of GARAARα1 was investigated. Statistical analysis revealed a decreased level
of GARAARα1 in the ALP group compared to CONT (p = 0.0003, t = 4.728, Figure 3A,
Supplementary Figure S1).
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mentary Figure S1). 

ALP treatment decreased protein expression of vesicular glutamate transporter 1 
(vGluT1) in the ALP group compared to CONT (p = 0.004, t = 3.584, Figure 3C). A signifi-
cant effect of ALP was also detected on protein expression of all three investigated 
NMDAR subunits. The two-tailed t-test showed a significant increase in NR1 (p = 0.001, t 
= 4.071, Figure 3D, Supplementary Figure S1), NR2A (p = 0.002, t = 4.284, Figure 3E, Sup-
plementary Figure S1) and NR2B subunit protein expression (p = 0.029, t = 2.486, Figure 
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Figure 3. Effect of prolonged 14 days ALP treatment on hippocampal GABAARα1 protein expression
and components of glutamatergic signaling in vivo. (A) Representative immunoblot and quantitative
data of Western blot analysis of GABAARα1 protein expression, (B) glutamate level in hippocampal
P2 fraction (µg/mL), (C–H) representative immunoblots and quantitative data of Western blot
analysis of target proteins expression in hippocampal P2 fraction: (C) vGlut1, (D) NR1, (E) NR2A,
(F) NR2B, (G) EAAT1, (H) EAAT2. Data were statistically analyzed by two-tailed t-test and expressed
as percentage of the mean values of CONT group ± SEM (dots in the graphs represent values
of individual animals). Symbols indicate significant differences between CONT and ALP group:
* p < 0.05, ** p < 0.01, *** p < 0.001; animals per group: 8.

2.3. Effect of Prolonged ALP Treatment on Components of Glutamatergic Signaling

The first step taken to assess potential changes in the glutamatergic system following
ALP treatment involved examining the neurotransmitter glutamate. ALP had no effect
on hippocampal glutamate levels compared to CONT (p = 0.244, t = 1.224, Figure 3B,
Supplementary Figure S1).

ALP treatment decreased protein expression of vesicular glutamate transporter 1
(vGluT1) in the ALP group compared to CONT (p = 0.004, t = 3.584, Figure 3C). A signifi-
cant effect of ALP was also detected on protein expression of all three investigated NMDAR
subunits. The two-tailed t-test showed a significant increase in NR1 (p = 0.001, t = 4.071,
Figure 3D, Supplementary Figure S1), NR2A (p = 0.002, t = 4.284, Figure 3E, Supplementary
Figure S1) and NR2B subunit protein expression (p = 0.029, t = 2.486, Figure 3F, Supplemen-
tary Figure S1) in the ALP group compared with CONT. Analysis of two major glutamate
transporters, EAAT1 and EAAT2, also revealed significant alterations in the hippocampal
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P2 fraction. Protein expression of EAAT1 (p = 0.018, t = 2.812, Figure 3G, Supplementary
Figure S1) was increased, whereas levels of EAAT2 were decreased in animals treated with
ALP (p = 0.004, t = 3.575, Figure 3H) compared to CONT.

2.4. Effect of 48-h ALP Treatment on Astrocytes’ Viability

The first step in the in vitro part of the research was to evaluate the potential effects of
VEH or increasing doses of ALP on astrocyte viability using the MTT assay. Neither of the
applied treatments provoked alterations of astrocytes’ viability in the MTT assay (ANOVA
summary: F = 0.9934, p = 0.4492, Figure 4A).
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Figure 4. Effect of 48-h treatment with increasing ALP doses on primary cortical astrocyte culture.
(A) Results of MTT assay used for determination of cell viability, (B–D) representative immunoblots
and quantitative data of Western blot analysis of target proteins expression whole cell fraction of
primary cortical astrocyte culture: (B) GFAP, (C) EAAT1, (D) EAAT2. Data were statistically analyzed
by two-tailed t-test (A) or one-way ANOVA (B–D) and expressed as percentage of the mean values
of CONT group ± SEM (dots in the graphs represent values of individual animals). Symbols indicate
significant differences between respective group and CONT (* p < 0.05, ** p < 0.01) or VEH group
(# p < 0.05, ## p < 0.01); samples per group: 4.

2.5. Effect of 48-h ALP Treatment on GFAP Protein Expression In Vitro

Since reactive astrocytes are characterized by high-level expression of glial fibrillary
acidic protein (GFAP) [19], its protein expression was examined in primary astrocyte culture.
Protein levels remained unchanged in all experimental groups, indicating that neither
vehicle nor ALP had any effect, regardless of dose administrated (ANOVA summary:
F = 0.197, p = 0.959, Figure 4B, Supplementary Figure S1).

2.6. Effect of 48-h ALP Treatment on EAAT1/2 Protein Expression In Vitro

Given that excitatory amino acid transporters 1 and 2 (EAAT1/2) are mainly expressed
on astrocytes [20] and that their alteration was detected in the hippocampus of ALP treated
rats, further analyses were performed on primary astrocyte cultures using increased ALP
concentrations. First, no significant difference in EAAT1/2 protein expression was observed
between the UNT and VEH groups (p = 0.9987, p = 0.9809, Figure 4C–D, respectively,
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Supplementary Figure S1). However, ALP treatment had significant effects on both EAAT1
(F = 8.541, p = 0.0003, Figure 4C, Supplementary Figure S1) and EAAT2 protein expression
(F = 9.867, p = 0.0001, Figure 4D, Supplementary Figure S1). Consistent with in vivo
results, the post hoc test revealed a significant increase in EAAT1 following 0.01 µM
(p = 0.0025, p = 0.0056), 0.1 µM (p = 0.0233, 0.0471) and 10 µM ALP treatment (p = 0.0111,
p = 0.0242) compared to both UNT and VEH, respectively (Figure 4C, Supplementary
Figure S1). Surprisingly, no difference was observed in the 1 µM ALP group (p = 0.9639,
p = 0.9982) compared to UNT and VEH, respectively (Figure 4C, Supplementary Figure S1).
Conversely, EAAT2 protein expression was lowered after 0.1 µM (p = 0.0148, p = 0.0034),
1 µM (p = 0.00550, p = 0.0013) and 10 µM ALP treatment (p = 0.0181, p = 0.0042) compared
to UNT and VEH, respectively (Figure 4D, Supplementary Figure S1). However, the lowest
ALP dose, 0.01 µM, did not provoke any significant differences compared to UNT and
VEH, respectively (p = 0.9978, p = 0.8674, Figure 4D, Supplementary Figure S1).

3. Discussion
3.1. “Crosstalk between Behavior and GABAAR”—Changes in Anxiety-Like Behavior Together
with Significant GARAARα1 Decrease following Prolonged ALP Treatment

The behavioral assessment indicated potential increase in anxiety-like behavior in
the ALP group compared with CONT as evidenced in decreased center and open arms
entries. The observed decrease in distance traveled in open arms may also be indicative
as the increased anxiety-like behavior manifested as the enhanced “fear” of moving in
elevated and open spaces. In support of this, the absence of changes in total distance
traveled and speed confirms that the observed changes cannot be simply attributed to a
decrease in overall locomotor activity. However, other parameters such as the time spent
in center/open arms remained unaltered. This could point to potential anxiogenic effect
of prolonged ALP treatment, but also emphasize that obtained data should be interpreted
with caution.

The observed behavioral changes may be the result of tolerance onset caused by pro-
longed ALP administration. It should be stressed, however, that literature data on anxiety-like
behavior and the occurrence of tolerance remain inconsistent, partly due to differences in
dosing, treatment route, and chosen behavioral paradigm and overall experimental design.
Nevertheless, the development of tolerance following prolonged BDZ treatment has been
clearly showed in many studies using various behavioral tests in rodents [21–24]. Similar
results were shown by Duke and coworkers (2021) in primates, who demonstrated that
chronic ALP treatment leads to physical dependence as well as tolerance to some behav-
ioral effects in female rhesus monkeys. Their results also supported the hypothesis that
GABAARα1 is involved in the development of tolerance to some behavioral aspects and
withdrawal signs following chronic ALP treatment and BDZ in general [25]. Indeed, one of
the common mechanisms established in terms of regulation of the net neurons’ responsiveness
to repeated drugs exposure, including BDZ, is the decrease in the target receptor numbers,
in this case—GABAAR [7,11]. Most consistent changes following prolonged BDZ in both
humans and animal models include alterations in the expression of α1, 2, 4, and γ2 subunits
of GABAAR [26]. According to the literature, prolonged BDZ exposure may cause changes
in GABAAR subunits composition, increased internalization, changes in the receptor’s phos-
phorylation state and the uncoupling of the GABA/BDZ binding site [11,24,26]. It is possible
that the observed decrease in GABAARα1 is the result of reduced subunit expression and/or
increased internalization following prolonged ALP treatment. Regardless of the mechanism,
this alteration suggests the occurrence of adaptive changes in the function of the receptor that
could strongly influence overall neuronal plasticity.

3.2. Changes in Glutamatergic Neurotransmission following Prolonged ALP Treatment—
Alterations of NMDAR Subunits, vGlut1 and EAAT1/2 Levels

Neuronal excitability is the result of a delicate balance between opposing neuro-
transmitter systems—the inhibitory GABAergic and the excitatory glutamatergic system.
Functionally, the inhibitory effects of GABA may be balanced by the excitatory effects of glu-
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tamate as the two neurotransmitter systems are metabolically linked through their synthetic
intermediate glutamine [27]. Given these tight connections between the GABAergic and
glutamatergic systems, the aim of the study was to assess the changes in the components of
glutamatergic neurotransmission following prolonged ALP exposure.

The prolonged ALP treatment resulted in profound changes in glutamatergic neuro-
transmission. The decrease in vGlut1, which mediates the uploading of glutamate into
synaptic vesicles, was associated with increase in NMDAR subunit (NR1, NR2A, and NR2B)
in the ALP group compared with CONT. The up growth of constitutively expressed NR1
subunit, together with NR2A and NR2B, may indicate an overall increase in the number
of membrane NMDARs. In view of this, it is possible to assume that previously reported
NMDAR—induced neuroadaptive changes following prolonged BDZ usage [7,28–30] may
be governed by enhanced number of inserted receptors rather than changes in receptor sub-
unit composition and downstream signaling (Figure 5). As mentioned earlier, glutamatergic
sensitization may play an important role in the development of BDZ tolerance, consistent
with the observed changes in glutamatergic components. It has been demonstrated that
many of the behavioral properties of BDZ also apply to antagonists of excitatory amino
acid receptors [11]. NMDAR antagonists have been shown to be effective in animal models
of anxiety exerting anticonvulsant, sedative, amnestic, and muscle relaxant effects [31,32].
Importantly, the similarities in pharmacology between BDZ and NMDAR antagonists do
not extend to non-NMDA receptor antagonists, although a greater proportion of rapid
excitatory transmission in the adult CNS is attributable to the actions of glutamate at
non-NMDAR such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPAR) and kainate receptors [33].
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tergic signaling. ALP induces the increase of NMDAR subunits on post-synaptic membrane and 
influence the glutamate balance in the synaptic cleft trough differential modulation of EAAT1/2 in 
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Figure 5. Proposed mechanism of effect of prolonged ALP treatment on components of glutamatergic
signaling. ALP induces the increase of NMDAR subunits on post-synaptic membrane and influence
the glutamate balance in the synaptic cleft trough differential modulation of EAAT1/2 in astrocytes
and/or neurons and decrease of vGlut1 in pre-synaptic terminals. SN1—System N1, SAT2—System
A Transporter 2, EAAT3/5—excitatory amino acid transporters 3/5.

The results regarding EAAT1/2 protein expression following ALP treatment, both
in vivo and in vitro, suggest that the two transporters are modulated differently. To date,
data on the effects of prolonged BDZ usage have only been reported in the study by Pala-
mada and coworkers (2002), who also demonstrated differential modulation of EAAT1
and EAAT2 in vitro with respect to their uptake capacity [34]. EAAT1/2 are mainly ex-
pressed on astrocytes, although EAAT2 is also found on neurons. These transporters
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represent critical components of glutamatergic transmission because they control the level
of extracellular glutamate and, indirectly, the glutamatergic firing rate [12,20]. They also
prevent uncontrolled and sustained activation of glutamate receptors, allow the recycling
of the transmitter, and thus provide protection from hyperexcitability and excitotoxicity.
The observed alterations in EAAT1/2 protein expression may affect all components of
glutamatergic signaling and contribute to the occurrence of side effects characteristic for
long-term ALP usage. Since EAAT2 is the major glutamate transporter in the brain, respon-
sible for more than 90% of glutamate uptake [12], its decrease could indicate decreased
glutamate uptake and increased glutamate levels in the synaptic cleft. However, the poten-
tial rise in synaptic glutamate could be counteracted by observed increase in EAAT1 and
decrease in vGlut1 which would provide a compensatory mechanism that could maintain
the level of glutamate in the synaptic cleft stable, as observed in the present study.

4. Materials and Methods

All experimental procedures were approved by the Ethics Committee for the Use
of Laboratory Animals of Vinca Institute of Nuclear Sciences—National Institute of the
Republic of Serbia, University of Belgrade, Belgrade, Republic of Serbia (license number:
323-07-06136/2020-05) following the compliance with the European Communities Council
Directive (2010/63/EU) for animal experiments, according to the guidelines of the EU
registered Serbian Laboratory Animal Science Association, a member of the Federation
of the European Laboratory Animal Science Associations. Care was taken to minimize
pain and discomfort of the animals and all experimental procedures were carried out in
accordance with the UK Animals (Scientific Procedures) Act 1986 and associated guidelines
and, National Institutes of Health guide for the care and use of Laboratory animals (NIH
Publications No. 80-23, revised 1996).

4.1. Experimental Groups and Treatment—In Vivo

The experiments were carried out using adult 2.5 months old male Wistar rats obtained
from a local colony. Animals (3 per cage, total number = 56) were housed under standard
conditions: 12 h light/dark regime, ad libitum access to commercial rat pellet and tap
water, constant ambient temperature (21 ± 2 ◦C) and humidity. The rats were randomly
divided into 2 experimental groups: (1) CONT group—control animals injected with 2%
Tween 80 (Sigma-Aldrich, St. Louis, MI, USA) in normal saline (used as a solvent for ALP),
and (2) ALP group—rats treated with ALP (Galenika, Serbia, 2 mg/kg). Both VEH and
ALP were administered i.p. during 14 days between 08:00 and 09:00. The dose of ALP was
selected according to the preliminary results of the pilot study (results not showed). The
pilot study also included the determination of possible effects of vehicle administration,
i.e., potential differences between intact and vehicle-treated animals. No differences were
found between the two with respect to the proteins and glutamate levels studied (results
not shown), so only the two groups mentioned were included in the formal analysis.
Fourteen days lasting ALP treatment was selected given the two following facts: a) long-
term use of BDZs is defined as two or more months of usage [3], b) 14 rat days correspond
approximately to 1.3 human years (10.5 rat days = 1 human year, for adult rat, [35].

4.2. Behavioral Testing

All animals (total number = 26, 13 per group) were placed in the testing room 30 min
prior to the testing to allow acclimatization. The test arenas were cleaned with 70% alcohol
solution after each testing to eliminate odor cues.

4.3. Open Field Test

The open field apparatus consisted of a square arena (100 cm × 100 cm × 40 cm)
divided into 16 equal squares (dimensions of each square were 25 cm × 25 cm). During
the test, each rat was placed in the center of the arena and recorded during 5 min. The
videos were then quantified using ANY-maze Video Tracking System 7.11 software. The
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total distance traveled, and mean speed, were used to determine total locomotor activity
and exploration. Anxiety-like behavior was estimated from the time spent inside four
central compartments of the arena (overall dimensions of all four compartments were
50 cm × 50 cm) and the number of entries in these compartments.

4.4. Elevated Plus Maze Test

The apparatus consisted of two open arms (40 cm L× 10 cm W) and two enclosed arms
(40 cm L× 10 cm W× 40 cm H), branching from a central square platform (10 cm × 10 cm).
The test was performed by placing a rat on the central platform of the maze, facing one
of the open arms, and letting it move freely. Each session lasted 5 min. The behavior was
continuously videotaped by a camera placed above the apparatus during 5 min period
and quantified using ANY-maze Video Tracking System 7.11 software. The total distance
traveled alongside mean speed were used to determine total locomotor activity, while the
number of entries in open arms and the time spent in opened arms were used to determine
anxiety-like behavior.

4.5. Preparation of Crude Synaptosomal P2 fraction In Vivo

The animals (n = 16, 8 per group) were decapitated following behavioral testing
(Harvard Apparatus, USA). Brains were removed and HIPs were dissected for preparation
of crude synaptosomal fractions (P2). Tissue samples were placed in 10 vol of ice cold 0.32 M
sucrose in 5 mM Tris-HCl buffer (pH 7.4) and homogenized manually in a Teflon/glass
homogenizer (clearance 0.20 mm) by 20 gentle up- and down-strokes. Crude nuclear
fraction and cell debris were removed by centrifugation at 1000× g for 10 min. The
resulting supernatant was transferred and centrifuged at 10,000× g for 20 min to obtain the
crude synaptosomal pellet which was re-suspended in 5 mM Tris-HCl, pH 7.4. Isolated
crude synaptosomal P2 fraction contains bulk of the synaptosomes, free mitochondria, but
also other membrane fragments deriving from glial cells and neurons [36]. The protein
concentration was estimated using modified method of Lowry [37].

4.6. Western Blot Analysis—In Vivo

The Western blot analysis was performed using previously prepared hippocampal P2
fraction (8 per group). Equal amount of total protein from each sample diluted in Laemmli
sample buffer (250 mM Tris–HCl pH 6.8, 10% SDS, 30% glycerol, 5% β-mercaptoethanol,
0.02% bromophenol blue) was separated on 8% or 10% SDS-PAGE gel, depending on
molecular weight of the target protein, and transferred to PVDF membranes (Imobilion-P
membrane, Millipore, Burlington, MA, USA). Membranes were blocked in TBS containing
5% non-fat milk (Sigma-Aldrich, USA) and 0.1% Tween 20 (Sigma-Aldrich, USA) for 1 h
and incubated overnight at 4 ◦C with primary antibodies (Table 1). The next day, mem-
branes were incubated with appropriate horseradish peroxidase conjugated secondary
antibody (Table 1). After washing in TBST, the membranes were incubated with the en-
hanced chemiluminescence system (Immobilon Western Chemiluminescent HRP Substrate,
Millipore, USA) and immunoreactive bands were detected on X-ray films in the dark
chamber, scanned and saved in .tiff format. B-Actin was used as a loading control. The
signal intensity was evaluated using Image J software. The analysis was performed at least
3 times for each target protein to ensure the reliability of the results.
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Table 1. List of primary and secondary antibodies used in Western blot analysis.

Antigen Manufacturer and Catalog No Species and Dilution

NR1 Cell Signaling Techonology, USA, #5704
RRID: AB_1904067 rabbit monoclonal; 1:1000

NR2A Merck Millipore, USA, #07-632
RRID: AB_310837 rabbit monoclonal; 1:1000

NR2B Abcam, UK, 93610
RRID: AB_10561972 mouse monoclonal, 1:4000

vGluT1 Abcam, UK, 134283
RRID: AB_2923539 mouse monoclonal, 1:4000

EAAT1 Cell Signaling Techonology, USA; # 5684T
RRID: AB_10671594 rabbit monoclonal; 1:1000

EAAT2 Abcam, UK; ab69098
RRID: AB_2190732 rabbit monoclonal; 1:1000

GABAAR α1
Sigma Aldrich, USA, G4416

RRID: AB_477016 rabbit monoclonal; 1:5000

β-actin Thermo Fisher Scientific, USA; PA1-21167
RRID: AB_557422 rabbit polyclonal; 1:5000

mouse IgG R&D systems, bio-techne, USA; HAF007
RRID: AB_357234 goat polyclonal; 10,000

rabbit IgG Invitrogen, USA; # 31460
RRID: AB_228341 goat polyclonal; 1:10,000

4.7. Examination of Glutamate Level

Levels of hippocampal free glutamate (5 per CONT group; 9 per ALP group) were
measured using a colorimetric glutamate assay kit (Abcam, UK, ab83389) according to the
manufacturer’s specifications and expressed as µg of glutamate per mL of sample. The
animals included in this analysis were not subjected to behavioral testing.

4.8. Experimental Groups and Treatment—In Vitro

Given that in vivo results indicated a significant alteration of the two proteins mainly
expressed on astrocytes—EAAT1/2 [20], the next part of the research was directed toward
evaluation of these protein in isolated astrocytes in vitro. Six experimental groups were
included in in vitro investigation: UNT—untreated astrocytes, VEH (sterile dH2O con-
taining 0.02% Tween 80 added to the medium), and four groups treated with increasing
concentrations of ALP named as 0.01 µM ALP, 0.1 µM ALP, 1 µM ALP and 10 µM ALP.
Primary astrocyte culture was prepared from cerebral cortex of 2 days old male Wistar rats
(n = 4 per group), as previously described [38]. Cerebral cortices were dissected in cold
phosphate buffer solution (PBS) and mechanically dissociated in Dulbecco’s modified Eagle
medium (DMEM+, Sigma-Aldrich, USA) under sterile conditions. Cell suspension was
centrifuged three times at 500× g for 4 min and after second centrifuge/washing step, cells
were passed through 21G (ø 0.8 mm) and 23G (ø 0.6 mm) sterile needles. Finally, cells were
resuspended in DMEM supplemented with 10% fetal bovine serum (FBS, Gibco, USA),
1 mmol/L sodium pyruvate (Sigma-Aldrich, USA), 100 IU/mL penicillin (Gibco, USA)
and 100 µg/mL streptomycin [Gibco, USA, (DMEM+)]. Cells were then seeded on 60 mm
sterile Petri dishes and grown at 37 ◦C in a humified incubator with 5% CO2. DMEM+ was
replaced every two days favoring the growth of astrocytes, while residual cell types were
washed off under pressure. After reaching 80% confluence, cells were washed in PBS twice,
detached using 0.025% trypsin, 0.02% EDTA in PBS, seeded and grown on new 60 mm
sterile Petri dishes. Purity of astrocytes in obtained culture is considered to be more than
98% [37]. When reaching confluence, cells were trypsinized again, counted and seeded
on 24-well plate for MTT assay and on 6-well plate for Western blot analysis with density
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of 2 × 104 cells/cm2. The astrocyte cultures were maintained to reach 90% confluence
and then treated with different concentrations of ALP (0.01, 0.1, 1 and 10 µM) for 48 h.
Alprazolam was first dissolved in sterile dH2O containing 0.02% Tween 80 and then added
to the cells in DMEM+ growth medium. After the 48 h (timeframe chosen based on authors’
previous experience with in vitro experiments), treatment medium was removed, and the
astrocytes were washed in PBS twice. For the isolation of total proteins, cells from each
well were scraped and resuspended in 140 µL of lysis buffer containing 150 mM NaCl,
50 mM Tris-HCl, 1 mM EDTA and 1% NP-40 detergent. The suspension was centrifuged at
10,000× g on 4 ◦C for 15 min to obtain the whole cell fraction, supernatant was collected,
and protein concentration was determined using BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA, USA), according to the manufacturer’s instructions.

4.9. Western Blot Analysis—In Vitro

An equal amount of total protein from each sample (4 per group) diluted in Laemmli
sample (375 mM Tris-HCl, pH 6.8, 12% sodium dodecyl sulfate, 60% glycerol, 0.03%
bromophenol blue, 5% β-mercaptoethanol) was separated on 10% SDS-PAGE gel and
protein expression of EAAT1/2 and GFAP was analyzed as described in the text above
(Subsection Western blot in vivo and Table 1).

4.10. Microculture Tetrazolium Assay

Microculture tetrazolium assay (MTT assay) was used for assessment of cellular
viability in vitro based on the measurement of total mitochondrial activity. After the 48 h
treatment, medium in each well was replaced by 200 µL of MTT solution in a concentration
of 0.5 mg/mL and cells were left to incubate on 37 ◦C for 30 min. Formazan crystals, formed
as a result of metabolic activity of viable cells, were then dissolved by adding of 720 µL
of DMSO. Samples from each well (200 µL) were placed in triplicate on the 96-well plate
and absorbance was measured on 570 nm using WALLAC 1420-Victor2 Multilabel Counter
(PerkinElmer, Waltham, MA, USA).

4.11. Statistical Analysis

The two-tailed t-test or one-way analysis of variance (one-way ANOVA) followed by
Tukey’s post-hoc test were performed for statistical comparison among groups. The results
were presented as mean± SEM values or percent of mean± SEM of CONT group. The values
of p < 0.05 were considered statistically significant. For all statistical analyses and graphical
presentation, GraphPad Prism 9.0 (San Diego, CA, USA) software package was used.

5. Conclusions and Future Prospects

The present study demonstrated that prolonged ALP treatment affects both GABAAR
and components of glutamatergic neurotransmission, possibly contributing to the observed
signs of tolerance development. The alteration of glutamatergic components following
ALP treatment including the increase in NMDAR subunits, the decrease in vGlut1 and
the differential modulation of EAAT1/2 may collectively represent a compensatory mech-
anism attributable to the sustained suppression of glutamatergic neurons by enhanced
inhibitory impulses from GABAergic neurons. The presented data provide valuable and, to
our knowledge, the first information on components of glutamatergic neurotransmission
following prolonged ALP treatment. Further research is needed to examine the observed
changes in more detail with other aspects of glutamatergic signaling.

To avoid any overstatement, the authors would like to point out the limitations of
the study, such as fractions used, which limit the conclusions regarding the proteins
studied (e.g., extra-synaptic vs. synaptic) as well as glutamate levels, “narrow” gender,
and species/strain aspect (study was performed only on male Wistar rats). Further studies
incorporating the aforementioned variables are planned, as well as research focusing on
other brain structures, particularly the amygdala.
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Abbreviations

ALP alprazolam
AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
BDZ benzodiazepine
EAAT1 excitatory amino acid transporter 1
EAAT2 excitatory amino acid transporter 2
GABA gammaaminobutyric acid
GABAAR gammaaminobutyric acid receptor type A
GABAARα1 α1 subunit of gammaaminobutyric acid receptor type A
HIP hippocampus
MTT assay microculture tetrazolium assay
NMDAR N-Methyl-D-aspartate receptor
NR1 type 1 subunit of N-Methyl-D-aspartate receptor
NR2A type 2A subunit of N-Methyl-D-aspartate receptor
NR2B type 2B subunit of N-Methyl-D-aspartate receptor
vGluT1 vesicular glutamate transporter 1
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