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Abstract
Postmortem research has revealed that there is a lower density of glial cells in regions of the prefrontal
cortex (PFC) of uncomplicated alcoholics when compared with control subjects. Impairment of
astrocyte function in the PFC may contribute to malfunction in circuits involved in emotion- and
reward-related subcortical centers, heavily connected with the PFC and directly involved in the
pathophysiology of addictive behaviours. The hypothesis was tested that infusion of gliotoxins
known to injure astrocytes or of a gap junction blocker into the prelimbic area of the rat PFC results
in increased preference for ethanol in rats exposed to free choice between water and 10% ethanol.
Fluorocitric acid, L-α-aminoadipic acid (AAD) or the gap junction blocker 18-α-glycyrrhetinic acid
(AGA) were bilaterally infused once into the rat prelimbic cortex and alcohol preference (ratio of
10% ethanol consumed to total liquid ingested) was measured before and after infusion. Infusion of
AAD or AGA dissolved in their vehicles, but not of their vehicles alone, resulted in significant
transient increase of preference for 10% ethanol. The present data suggest that impaired integrity of
glial cells or the gap junctional communication between them in the rat PFC may contribute to
changes in ethanol preference.
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Introduction
Recent human postmortem research has revealed that in the dorsolateral and orbitofrontal
regions of the prefrontal cortex (PFC) and in the hippocampus of ‘uncomplicated’ alcoholics,
the density of glial cells is significantly lower than in healthy controls (Korbo, 1999; Miguel
Hidalgo, et al., 2006; Miguel-Hidalgo, et al., 2002). In addition, research in the prelimbic
region of the rat PFC [prelimbic cortex (PLC)] has revealed that the density of astrocytes
immunoreactive for glial fibrillary acidic protein (GFAP) is significantly lower in alcohol
preferring rats than in Wistar or alcohol nonpreferring rats (Miguel-Hidalgo, 2005, 2006).
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Although various regions of the PFC are heavily involved in the expression of behaviours of
addiction (Volkow and Fowler, 2000; Volkow, et al., 1993, 1997), the lower densities of glial
cells suggest that deficient or compromised astrocytic function in the PFC may contribute to
an enhancement of alcohol intake or preference.

Significant contribution of astrocytes to the prefrontal physiopathology of alcoholism is
mechanistically plausible, because astrocytes are essential for the support of neuronal
metabolism, neurotransmission and synaptic plasticity (Ullian, et al., 2004; Anderson and
Swanson, 2000; Haydon and Carmignoto, 2006; Qutub and Hunt, 2005). In addition, astrocytes
are directly affected by exposure to ethanol. Ethanol has been shown to inhibit proliferation of
cultured astrocytes (Davies and Vernadakis, 1984; Costa and Guizzetti, 2002; Miller and Luo,
2002; Kane, et al., 1996), and astrocytes in the brains of alcoholics might respond to chronic
alcohol misuse with increased cell death in the form of apoptosis (Ikegami, et al., 2003). Either
by reduction in the density of astrocytes or due to altered communication between astrocytes,
neuronal function in the PFC may be impaired and lead to alterations in alcohol intake and
preference.

One possibility for an astrocyte-mediated mechanism affecting alcohol preference and intake
is an alteration in glutamate reuptake, which is overwhelmingly performed by glutamate
transporters located in the cell membrane of astrocyte processes. For instance, recent research
has shown that increased extracellular glutamate caused by deficient glutamate transport in
transgenic mice with the Per2Brdm1 mutation results in increased alcohol intake (Spanagel, et
al., 2005), whereas some single nucleotide polymorphisms in the human Per2 gene are
associated to alcoholism (Spanagel, et al., 2005). Repeated administration of ethanol to rats
also results in a decrease of glutamate transport (Melendez, et al., 2005). Likewise involvement
of astrocytes may play a role in addiction to other substances of abuse. MS-153, an activator
of glutamate transport, when co-administered with morphine attenuates the development of
morphine tolerance and physical dependence (Nakagawa, et al., 2001). MS-153 reduced
conditioned place preference (CPP) caused by methamphetamine. Morphine-induced CPP was
also reduced in mice that received adenoviral transfer of the gene for the glutamate transporter
GLT-1 into the Nucleus accumbens shell (Fujio, et al., 2005). Given the direct involvement of
astrocytes in glutamate transport, reduced numbers or function of astrocytes in other brain areas
involved in addiction may be also reflected in altered alcohol preference or intake.

The same particular metabolic and neurotransmitter-processing properties of astrocytes that
are important in supporting neuronal function have facilitated the discovery of gliotoxins that
have been reported to preferentially damage astrocytes when used at relatively low
concentrations, both in vivo and in vitro. Two of these gliotoxic compounds are fluorocitric
acid (FC) and L-α-aminoadipic acid (AAD). Fluorocitric acid inhibits aconitase, a TCA cycle
enzyme, enriched in astrocytes, that transforms citrate into isocitrate (Peters, 1957). Thus, FC
application results in interruption of ATP production and damage to astrocytes (Paulsen, et
al., 1987; Hosoi, et al., 2004; Peters, 1957). On the other hand, glutamate reuptake via
glutamate transporters and the cystine-glutamate antiporter is heavily dependent on astrocytes
(Anderson and Swanson, 2000). These transport features have been exploited to damage
astrocytes using AAD, a structural homologue of glutamate. At low concentrations AAD is
transported into astrocytes, but not neurons, through glutamate transporters, and the cystine-
glutamate antiporter, and causes intracellular toxicity (Brown and Kretzschmar, 1998; Huck,
et al., 1984a,b; Sagara, et al., 1993). Both FC and AAD have been shown to severely impair
astrocytes in vitro and after infusion into the striatum, with little or no damage to neurons,
although the sparing of neurons is better documented in the case of AAD (Khurgel, et al.,
1996; Takada, et al., 1990; Takada and Hattori, 1986; Paulsen, et al., 1987). Thus, these
compounds can be used to test whether injury to astrocytes results in particular
neurophysiological or behavioural deficits.
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Another main determinant of astrocytic function is the communication between adjacent
astrocytes through gap junctions (Larrosa, et al., 2006; Rouach, et al., 2002). In the neocortex,
most of gap junctional communication occurs between astrocytes or is mediated by them
(Nagy and Rash, 2000; Rash, et al., 2001). Waves of transient increases of calcium
concentration in the cytoplasm of astrocytes spread from astrocytes to astrocyte and coordinate
responses between them depend largely (although not exclusively) on communication through
gap junctions (Venance, et al., 1997; Giaume and Venance, 1998). Reduced inter-astrocyte
communication due to lower glial densities or inhibition of gap junction communication may
result in altered astrocytic function in the PFC, and contribute to increased alcohol preference
in at risk subjects. Some compounds like 18-α-glycyrrhetinic acid (AGA) are relatively good
specific inhibitors of gap junction communication (Davidson and Baumgarten, 1988; Giaume
and McCarthy, 1996; Goldberg, et al., 1996) and their application to the PFC might result in
changed alcohol-drinking behaviour due to impairment of astrocytic function even in the
absence of overt toxic damage.

The PLC is a component of rat PFC that has been implicated in the control of addictive
behaviours (Zavala, et al., 2003; Miller and Marshall, 2004). Thus, we started testing the
hypothesis that reduced astrocytic function in the rat PLC may increase alcohol preference by
infusing gliotoxins AAD and FC, or gap junction blocker AGA into the PLC and measuring
preference for an ethanol-containing solution over water.

Materials and methods
Animals

Male outbred Wistar rats weighing between 300 and 400 g were used in the present study.
Animals were kept on a 12/12-h light/dark cycle and fed ad libitum standard chow. During the
first week at our facilities, there were three animals per cage. One week after their arrival
animals were singly caged and each cage supplied with two bottles, one bottle with tap water
and the other with 10% ethanol (EtOH) in tap water. One week later, the bottle with water
alone was removed and animals remained only with the 10% EtOH water for 4 days, after
which the water-only bottle was reintroduced again, and the animals continued drinking from
two bottles for an additional 7-day period. At the end of this period animals received a single
infusion of fluorocitrate (FC) (8 mM), AAD (125 mM), gap junction blocker AGA (100 μM)
or vehicle into the PLC of each cerebral hemisphere. The vehicle control group for FCand
AAD-treated groups was one and the same, and these three groups were all infused in the same
session. The experiment with AGA was conducted at a different time and involved its own
vehicle control group.

Infusion of compounds and preference estimates
Animals were anaesthetized using isoflurane (induction of anaesthesia at 5% and maintenance
at 1%) and attached to a stereotaxic apparatus. The 33-gauge, beveled needle of a 2.5-μl
Hamilton syringe was lowered once at each cerebral hemisphere into the PLC aiming to these
coordinates (mm): anterior 3.8 (rostrally from Bregma), lateral 0.4 (from the midline to each
side), vertical 3.7 (ventrally from the brain surface) (Paxinos and Watson, 1998). Two minutes
after needle placement, 0.5 μl of a solution containing AAD (125 mM, n = 4), FC (0.8 mM,
n = 4), AGA (100 μM, n = 5) or vehicle were infused at a continuous rate of 0.25 μl/min.
Phosphate-buffered saline (pH 7.4) (PBS) was the vehicle in the control group (n = 4) for AAD-
and FC-infused animals, while 0.6% chloroform + 0.4% methanol in PBS was the vehicle in
the control group (n = 6) for AGA. After the infusion, the needle was slowly retracted over 2
min. The incision in the scalp was then sutured, antibiotic cream applied and animals were
returned to their individual cages. Animals typically recovered from the isoflurane anaesthesia
in <3 min. After surgery, the cages were still provided with solid food ad libitum and with two
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bottles (one with water the other one with 10% EtOH). The position of the bottles was changed
every day to rule out preference solely based on the position of the bottle.

The amount of liquid consumed from each bottle in the week before and 4 days after surgery
was recorded daily. A preference ratio was calculated dividing the volume drunk from the 10%
ethanol bottle into the total volume of liquid consumed; a ratio of ‘1’ indicating maximum
preference for alcohol (all liquid consumption would be from the bottle with 10% ethanol) and
a ratio of ‘0’ indicating maximum preference for water.

Histology and immunohistochemistry
Four days after surgery, animals were anaesthetized and perfused through the ascending aorta
with 50 ml of PBS followed by 250 ml of 4% paraformaldehyde in PBS. Brains were removed
from the skull, postfixed overnight in 4% paraformaldehyde and coronal sections through the
PLC at a thickness of 30 μm were obtained on a vibratome. Alternating series of sections were
stained with cresyl violet or processed for immunohistochemistry of GFAP (a specific marker
of astrocytes) or AGA. GFAP was probed with a primary mouse monoclonal antibody obtained
commercially (Chemicon, Temecula, California, USA), used at a 1:1000 dilution. After the
primary antibody, sections were washed with Tris–HCl buffer (pH 7.6) and incubated with a
biotinylated secondary antibody, washed again and the antibody complexes further bound to
the ABC complex (ABC peroxidase kit; Vector Laboratories, Burlingame, California, USA).
The antibody complexes were finally observed by incubating the sections with a solution
containing 0.05% 3-3′-diaminobenzidine, 0.6% (NH4)2Ni(SO4)2·6H2O and 0.005% H2O2 in
TBS. Animals in which the track of the infusion needle missed the PLC were excluded from
the statistical analysis.

To estimate the extent of diffusion of injected compounds, some animals that had AGA infused
were killed two days after the infusion. Sections through the PLC were processed for
immunohistochemistry as above, using a primary antibody that recognizes AGA. This antibody
had been prepared by one of the authors (Shoyama) and shown to specifically bind to
glycyrrhizic acid and AGA (Shan, et al., 1999, 2001; Tanaka and Shoyama, 1998). The staining
with this antibody was limited to the neuropil in the PLC mainly in the direction to the medial
cortical surface (Figure 1) and was not seen to pass into other adjacent areas, such as the
infralimbic cortex. Sections from some of the animals with four days of survival were also
immunostained for AGA. In this case, the AGA immunolabelling was considerably reduced
and restricted to the track of the infusion needle within the PLC (Figure 1).

Statistical analysis was performed using repeated measures (preference levels at different days)
ANOVA and post hoc pairwise comparisons were performed using the Tukey–Kramer test to
account for multiple comparisons.

Results
Histology

Infusion of vehicle in the control experiments for gliotoxins or AGA resulted in small lesions
in the PLC when observed four days after the surgery (Figure 2). In these sites infused with
vehicle, neurons appeared intact around the needle track (Figure 2a) and GFAP-immunostained
astrocytes were slightly enlarged without obvious damage (Figure 2b). In animals infused with
AAD also neurons appeared intact, although a region with reduced GFAP immunoreactive
astrocytes was present around the infusion (Figure 3a). With fluorocitrate the damage was
greater than with AAD, including necrotic-like damage to neurons around the infusion site.
After infusion of AGA, GFAP immunoreactive astrocytes appeared very similar to those in
vehicle-infused animals (Figure 3b), also without apparent damage to surrounding neurons.
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Alcohol preference and liquid intake
The preference ratio for 10% EtOH over water stabilized after the first 3 days of the week
preceding the infusion to reach an average level between 0.25 and 0.3 in all groups of animals,
indicating a preference for the water bottle over the 10% ethanol bottle during the preinfusion
period (Figures 4a and 5a). After the infusion, preference for the 10% EtOH-containing bottle
was not changed in the animals treated with vehicle, either in the controls for infusions of FC
and AAD (F(3,15) = 0.60, P = 0.70) or in the controls for AGA infusion (F(5,25) = 0.36, P =
0.87) (Figures 4a and 5a). In animals that received infusion of FC, there was no difference in
preference between the days before and after the infusion (F(3,15) = 1.36, P = 0.29), although
the highest values for preference occurred in the second day after the infusion, with a ratio of
0.40 ± 0.1 (mean ± standard error of the mean) when compared with the day before infusion
(0.22 ± 0.1) (Figure 4b). In animals infused with AAD, there was a significant difference
between days in the preference ratio (Figure 4c) (F = 8.0, P < 0.001). The preference in the
second day after infusion (0.63 ± 0.12) was significantly larger than the preference measured
in the 2 days before the infusion (q = 7.1, P < 0.01 and q = 8.1, P = 0.001). In animals treated
with AGA, there was also a significant difference between days in the preference for the 10%
EtOH bottle (F(4,20) = 10.99, P < 0.0001). The preference in the first (0.44 ± 0.05) and second
days (0.55 ± 0.06) after infusion was significantly higher (q = 4.8, P < 0.05 and q = 7.34, P <
0.001 respectively) than the preference 1 day before the infusion (0.23 ± 0.05) (Figure 5b).
Both in animals treated with AAD and those treated with AGA the increase in preference was
transient, so that on the third and fourth days after the infusion the preference ratio was not
significantly different from the ratio on the day before the infusion, and (with the exception of
the third day after infusion in AAD infused animals) was significantly lower than the value of
preference at 2 days after the infusion (q = 4.28, P > 0.05 and q = 5.61, P < 0.05 for AAD-
treated animals and q = 7.10, P < 0.001 and q = 8.23, P < 0.001 for AGA-treated animals)
(Figures 4c and 5b).

The total daily amount of liquid ingested by each animal was also calculated. There was no
difference between groups in the amount of total liquid ingested (Figure 6). When compared
with the days before infusion, the total liquid intake did not significantly change in the days
with increased preference for alcohol either in the animals injected with gliotoxins or in those
infused with only vehicle, although at 4 days postsurgery all groups appeared to have increased
their total liquid intake (Figure 6).

Discussion
The results above suggest that damage to astrocytes or impairment of gap junction
communication in the PFC of Wistar rats results in increased preference for 10% EtOH. One
parsimonious explanation would attribute the changed preference to altered neuronal function
in the PFC contingent upon temporary disturbance of astrocyte function. However, a simple
cessation of function in prelimbic neurons might not be sufficient to explain the change in
preference. After excitotoxic lesions to the medial PFC directly damaging neurons, alcohol
drinking was not altered (Hansen, et al., 1995). In addition, the extent of the ibotenic acid
lesions in Hansen's study (1995) included both infralimbic and prelimbic cortex, clearly an
area of damage larger than the area affected in our experiments. The possibility that damage
to neurons or larger PFC lesions do not necessarily result in changed alcohol preference is also
supported by the lack of significant change in preference with FC in our experiments, because
FC produced larger lesions than AAD or AGA. Thus damage circumscribed to the PLC or
alteration of synaptic regulation within the PLC may be crucial to the increased alcohol
preference observed in the present experiments. In fact, one study, although addressing cocaine
rather than alcohol addiction, found that lesions well-circumscribed to the PLC induce deficits
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of some aspects of working memory and reduced sensitization to cocaine treatment (Heidbreder
and Groenewegen, 2003).

Other studies have examined neuronal activation related to alcohol- or other drug-induced
changes in preference. In the rat PLC, alcohol, but not sucrose deprivation, produces specific
c-fos activation upon re-exposure to the environment of alcohol self-administration (Wedzony,
et al., 2003). Cocaine-induced place preference is also associated with activation of c-fos
expression in GABAergic neurons in the PLC, while cocaine also reduces c-fos expression in
putative PLC glutamatergic neurons with projections to the nucleus accumbens (Miller and
Marshall, 2004; Ciccocioppo, et al., 2001). If damage or reduced function of glial cells similarly
increases the inhibitory tone (for example by impaired glutamate uptake by astrocytes, which
is affected by L-AAD) upon projecting neurons, this inhibition might contribute to the
increased alcohol preference seen in our experiments.

A reduction in the plasticity of cholinergic prefrontal neurons as a consequence of alcohol
drinking in alcohol-preferring rats has also been proposed to affect alcohol intake. This
reduction consists of lower numbers of Cdk5-immunoreactive cholinergic neurons in the PLC
of those rats (Camp, et al., 2006). The lower numbers of PLC Cdk5-immunoreactive
cholinergic neurons are concomitant with an increase in Cdk5-immunoreactive cells in the
nucleus accumbens and amygdala. Cholinergic muscarinic receptors mediate calcium
elevations in astrocytes (Shelton and McCarthy, 2000; Araque, et al., 2002), changes in
astrocyte proliferation (Guizzetti, et al., 1996) and expression of neurotrophic factors (Wu, et
al., 2004). Furthermore, ethanol itself is capable of inhibiting muscarinic receptor-mediated
proliferation of astrocytes (Guizzetti and Costa, 1996). Thus changes in prefrontal cholinergic
neuro-transmission in alcoholism, combined with direct actions of alcohol on astrocytes in the
PFC, may also contribute to behavioural alterations in alcohol preference.

In summary, the present results are consistent with astrocytic dysfunction in the PLC
contributing to a transient increase in preference for alcohol. Future experiments should
determine whether the possible glial contribution to alcohol preference is specific to the PFC
and how mechanisms involving inter-astrocyte communication, defective glutamate transport
or cholinergic responsiveness of astrocytes may alter neuronal function in reward-related
cortical and subcortical centers.
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Figure 1.
Images of the PLC in AGA-immunostained sections of AGA-infused animals two (top panels)
or four (bottom panel) after the infusion of AGA. WM, white matter; PLC, prelimbic cortex.
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Figure 2.
Micrographs sections of the prelimbic cortex (PLC) stained with cresyl violet (a Nissl-type
staining; top panels) or immunostained for GFAP (bottom panels) in animals receiving infusion
of vehicle into the PLC. Panels at the right are magnified images of the rectangles in the left
panels. Arrows point to the track of the inserted needles. Roman numerals on the right panels
denote the cortical layers.
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Figure 3.
Images of the infusion site 4 days after infusion of either L-α-aminoadipic acid (L-AAD) or
18-α-glycyrrhetinic acid (AGA) into the PLC. Sections were immunostained with and antibody
to GFAP.
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Figure 4.
Graphs of alcohol preference ratio in the days before and after the infusion of vehicle (PBS)
(n = 4) (a), fluorocitric acid (n = 4) (b) or L-α-aminoadipic acid (n = 4) (c) into the PLC of
Wistar rats. Whiskers represent standard errors. At the bottom of the graph, day 1 is the day
preceding the infusion and day 2 is the day of the infusion. Consequently, day 4 represents 2
days after the infusion. **Significantly different from day 1 at P < 0.001.
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Figure 5.
Graphs of alcohol preference ratio in the days before and after the infusion of vehicle (0.6%
chloroform + 0.4% methanol in PBS, n = 6) (a) or 18-α-glycyrrhetinic acid (n = 5) (b) into the
PLC of Wistar rats. Whiskers represent standard errors. *Significantly different from day 1 at
P < 0.05; **Significantly different from day 1 at P < 0.001.
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Figure 6.
Graph showing the liquid consumption for the days before and after the infusion into the PLC
for the vehicle and compound infused animals.
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