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Abstract

Previous work from this laboratory has demonstrated that withdrawal from the neuroactive steroid

3α,5α-THP (3α-hydroxy-5α-pregnan-20-one) after 3-week exposure to its parent compound,

progesterone (P), increases anxiety and produces benzodiazepine (BDZ) insensitivity in female

rats. These events were linked to upregulation of the α4 subunit of the GABAA receptor

(GABAR) in the hippocampus [Brain Res. 507 (1998) 91; Nature 392 (1998) 926; J. Neurosci. 18

(1998) 5275]. The present study investigates the role of shorter term hormone treatment on α4

subunit levels as well as relevant behavioral and pharmacological end-points related to GABAR

function. After 2–3 days of P exposure, two- to threefold increases in α4 protein levels were

observed, which declined to control values after 5–6 days of hormone exposure. This effect was

due to the GABA-modulatory metabolite of P, 3α,5α-THP. α4 upregulation was inversely

correlated with BDZ potentiation of GABA-gated current, assessed using whole cell patch clamp

techniques on acutely isolated hippocampal pyramidal cells. A near total BDZ insensitivity was

observed by 2–3 days of hormone exposure in association with the maximal increase in α4 levels.

Up-regulation of the α4 GABAR subunit was also reflected by an increase in anxiety in the

elevated plus maze. A significant decrease in open arm entries was observed after 72-h exposure

to P, an effect which recovered by 6 days of P treatment. As demonstrated in vitro, α4

upregulation also resulted in a relative insensitivity to the anxiolytic actions of BDZ. These results

suggest that short-term exposure to 3α,5α-THP produces changes in GABAR subunit composition

similar to those that occur after chronic exposure and withdrawal from the steroid.
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1. Introduction

The GABAA receptor (GABAR) is a ligand-gated chloride channel which is a pentameric

assembly of many possible subunit combinations; α1–6, β1–4, γ1–4, δ, ε, π, θ and σ. In the

adult CNS it is a primary mediator of fast inhibitory transmission [23].

Several classes of ligands are positive modulators of GABAergic inhibition, and these can

include the benzodiazepines (BDZ), barbiturates, alcohol and the neuroactive metabolite of

progesterone (P) known as 3α,5α-THP (3α-OH-5α-pregnan-20-one or allopregnanolone)

[32,45, 46,49]. The functional response of the GABAR to these ligands, however, varies

dramatically with respect to the composition of the subunits [28,51,53]. Recent evidence

suggests that different GABAR isoforms may mediate distinct GABAR-related behaviors

[34,38]. Furthermore, sustained exposure to GABA-modulators can alter the subunit

composition of the GABAR, which in many cases leads to alterations in the pharmacology

of GABA-gated current [11,14,24,31].

Many of these studies have described a withdrawal syndrome that occurs following chronic

administration and abrupt cessation of drugs which are known to modulate the GABAR. The

phenomena typical of withdrawal from GABAR modulators include increased neuronal

excitability, a lower threshold of seizure susceptibility, high levels of anxiety and altered

GABAR pharmacology and subunit expression [2,20,24–26,31]. Similar consequences

occur after withdrawal from neurosteroid hormones. Withdrawal from 3α,5α-THP results in

increased anxiety, higher α4 GABAR subunit levels in the hippocampus and a near total

insensitivity to BDZ modulation [21,35,41,42], which is consistent with the body of

literature describing α4 subunit-containing GABAR as insensitive to BDZ [28,51,53]. A

more recent finding has confirmed that neurosteroid withdrawal in cultured cerebellar cells

replicates this pattern of events [18]. Therefore, higher levels of α4 mRNA and subunit

protein after 3α,5α-THP withdrawal occur in conjunction with a variety of phenomena that

we suggest may result from the specific pharmacology of GABAR containing α4 subunits.

In addition, increases in the α4 subunit are also associated with other syndromes

characterized by increased neuronal excitability, increased seizure susceptibility and higher

levels of anxiety [10,20,21,26,42]. These include chronic exposure to or withdrawal from

alcohol and BDZs which can also result in α4 upregulation and the typical withdrawal

outcomes [15,24,31], suggesting that α4 subunit upregulation may be a common feature

following withdrawal from compounds that act as positive modulators of the GABAA

receptor.

However, there is increasing evidence that GABAR modulation can also occur after

relatively short-term (24–72 h) in vitro exposure to GABA-modulatory ligands and result in

similar pharmacological and physiological changes as those that occur after hormone

withdrawal [19,54,55]. These findings are relevant to endogenous states of rapid hormone

fluctuations, such as the estrous or menstrual cycle. In fact, studies in both humans and

rodents indicate that relatively short-term exposure to ovarian hormones can result in altered

GABAR function [8,12,29,47,52] and can trigger dysphoria in a subset of susceptible

women with premenstrual syndrome (PMS) [39]. Therefore, for the present study, we

investigated the effects of short-term neurosteroid exposure on GABAR α4 subunit
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expression, correlated with expected changes in the pharmacological profile using both in

vitro and behavioral measures to investigate changes in BDZ sensitivity. We also tested the

hypothesis that short-term exposure to P can increase anxiety in association with higher

levels of the α4 subunit, using the elevated plus maze as an animal model.

2. Methods

2.1. Animals

Female Long–Evans rats (Harlan) weighing 110–120 g (35–45 days of age) on day 1 of the

experiment were housed in groups of three under a 14-h light, 10-h dark cycle with food and

water ad libitum. All animals were tested during the light portion of the circadian cycle. The

estrous cycle stage was determined by microscopic examination of the vaginal lavage, as

described previously [43]. The behavioral studies were conducted in diestrous or estrous

stages of the estrous cycle which were equally represented in control and treatment groups.

For the physiology and molecular studies, vehicle-injected controls were tested on the day of

diestrus or estrus, which are both characterized by low circulating levels of estradiol and P.

Following the appropriate treatment (see below), animals were sacrificed by decapitation,

the hippocampi removed, bisected and one half frozen on dry ice for later Western blot or

RT-PCR analysis. The remaining half-hippocampus was used in the electrophysiology assay

assessing BDZ-modulation of GABA-gated current.

2.2. Drug and hormone administration

2.2.1. Time course—P was administered rather than 3α,5α-THP because it is known that

elevated circulating levels of P, such as found during the estrous (or menstrual) cycle are

readily converted to 3α,5α-THP in the brain to result in potentiation of GABAergic

inhibition [40,44]. P implants were made from silicone tubing as previously described and

implanted s.c. under anesthesia in the abdominal area of the rat [35,42] for 1 day to 3 weeks.

This method has been shown to result in CNS levels of 3α,5α-THP in the high physiological

range (6–12 ng/g hippocampal tissue) in association with increased circulating levels of P

(40–50 ng/ml plasma, approximately 130–160 nM) [42]. For the physiology and molecular

time course studies, animals were sacrificed on a daily basis for days 1–7 of the P

administration paradigm, weekly thereafter, and 24 h after removal of the implant (‘P

withdrawal’). Control animals were tested on the day of estrus or diestrus. In all cases, the

hippocampus was removed, and samples from each animal were tested both for α4

immunoreactivity and BDZ modulation of GABA-gated current.

2.2.2. Short-term administration—Animals were injected (i.p.) with P (5 mg/0.2 ml

oil), or a combination of P and indomethacin (0.02 mg/0.2 ml oil) in the morning once per

day for either 3 or 6 days. Indomethacin inhibits the conversion of P to its neuroactive

metabolite, 3α,5α-THP [4], and was used to determine if the effects of P on the end-points

measured in these experiments were indeed due to 3α,5α-THP exposure. To this end, some

animals also received injections of 3α,5α-THP directly (10 mg/kg in oil) or vehicle. This

dose of 3α,5α-THP results in hippocampal levels of the steroid which are physiological
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(6.2±0.7 ng/g) as determined by radioimmunoassay (performed by C. Frye, SUNY Albany)

[20]. Control animals were given the same number of injections of vehicle (oil).

In behavioral experiments to study the effects of short-term exposure to 3α,5α-THP on

anxiety levels, animals were injected with P (5 mg/0.2 ml oil) or vehicle for 3 or 6 days.

Animals from the 21-day and withdrawal time points (implanted with P capsules as

described above) that were tested in separate experiments are represented in the same graphs

for the purposes of comparison only, but were not included in the same statistical analysis.

On the day of testing, experimental animals were injected with lorazepam (LZM) or vehicle

(18% polyethylene glycol 400 and 2% alcohol). Injections on the day of testing were

staggered to ensure that all animals were tested on the plus maze within 30 min to 1 h after

the last injection. This resulted in five groups: 1, control rats receiving vehicle injections

only (vehicle); 2, rats receiving vehicle injections for 3 days followed by an injection of

LZM immediately prior to testing (vehicle/LZM); 3, rats receiving P injections for 3 days

followed by an injection of vehicle immediately prior to testing (P 3 days/vehicle); 4, rats

receiving P injections for 3 days followed by an injection of LZM immediately prior to

testing (P 3 days/LZM); 5, rats receiving P injections for 6 days (P6 day).

2.3. Western blots

α4 levels were estimated in hippocampal membranes using Western blot procedures

previously described [42] and were probed with an antibody developed against a peptide

sequence of the rat α4 subunit (amino acids 517–523), from a protocol originally described

by Kern and Sieghart [27]. The α4 band (67 kDa) was detected with ECL (enhanced

chemoluminesence, Pierce Chemical Co.) visualized and quantified using a Umax scanner

and One-Dscan software, and has been characterized in a previous publication [41]. The

results were standardized to a glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 36

kDa) control protein and were then expressed in the following way. The integrated optical

density of the control α4 bands were pooled and averaged. All other conditions are

expressed as a ratio, relative to the control means according to the following equation:

2.4. Semi-quantitative reverse transcriptase PCR (RT-PCR)

In order to compare the α4 GABAR mRNA levels across hormone treatment groups, RT-

PCR techniques were implemented. To this end, oligonucleotide primers for the α4 subunit

(503 bp, sequence: Forward: 5′-CTG GAC CAA AGG CCC TGA GA. Reverse: 5′ TTT

TCC TTC AGT ACT GGG GCA GCT G) were designed from the rat α4 cDNA sequence

according to Ref. [50] and used in conjunction with a control probe, GAPDH (657 bp,

sequence: Forward: 5′-GGT GAA GGT CGG TGT CAA CGG AT. Reverse: 5′ GGG TAG

ACC TTG CCC ACA GCC TT). Initially, total RNA was extracted from a single

hippocampus isolated from control or treated animals and processed in parallel before

undergoing reverse transcription. The cDNA products, each containing 1 μg of DNA, were

then amplified in a linear sequence from 23 to 35 cycles as previously described [41]. The

resulting amplimer was then electrophoresed in a 1.5% agarose gel. The single bands from
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the PCR amplimers were visualized using ethidium bromide and were calibrated against

molecular weight markers. The band density was analyzed as described above, and

standardized according to the amount of GAPDH control values. These values were

averaged from the cycle numbers known to be within the linear range.

2.4.1. Electrophysiology—Each hippocampus tested for α4 immunoreactivity across the

time course of P exposure was concomitantly evaluated for BDZ modulation of GABA-

gated current. To this end, pyramidal neurons were acutely isolated from CA1 hippocampus

following slice preparation, using a procedure described previously [41] with trypsin

digestion at 32°C. GABA-activated current was recorded at room temperature (20–25°C) in

a 120 mM NaCl buffer and a pipette solution containing 120 mM N-methyl-D-glucamine.

The ATP regeneration system Tris phosphoc-reatinine (20 mM) and creatine kinase were

added as previously described [22]. GABA-gated current (10 μM GABA) was recorded with

whole cell patch clamp techniques at a holding potential of −50 mV using an Axopatch-1D

amplifier. Current was filtered at 1–2 kHz (−3 dB, eight-pole low-pass Bessel filter) and

digitally sampled at a 500-Hz sampling frequency using pClamp 5.51. Drug delivery was

accomplished via a solenoid-activated gravity-feed superfusion system positioned within 50

μm of the cell and triggered by the pClamp program. This system releases drugs for 20 ms at

1-to 3-min intervals to result in exposure times in the 100-ms range and has been described

in detail elsewhere [42]. A background perfusion system (4 ml/min) provides a wash-out

flow in the opposite direction. % Potentiation of GABA-gated current was calculated for all

drug concentrations using peak GABA-gated current (IGABAdrug − IGABAcontrol)/

(IGABAcontrol). LZM was applied across a range of concentrations: 0.1–100 μM.

2.4.2. Behavioral testing—Rats were tested on the plus maze, elevated 50 cm above the

floor, in a room with low, indirect fluorescent lighting and low noise levels. The plus maze

consists of two enclosed arms (50×10×40 cm) and two open arms (50×10 cm) and is

explained in detail in Ref. [36]. The open arms had a small rail outside the first half of the

open arm as described in Ref. [16]. The floor of all four arms was marked with grid lines

every 25 cm. On the day of testing, each rat was placed in a start box in the center of the

plus maze and tested for 10 min after exiting the start box into the plus maze. To be

considered as an open arm entry, the rat must pass the line of the open platform up to the

midline of the body. The duration (s) of time spent in the open arm was recorded from the

time of entry into the open arm. Decreased time spent in the open arm generally indicates

higher levels of anxiety [36]. Other behavioral measures recorded included the duration of

time spent (s) beyond the rail. The amount of time that subjects spend in the open portion of

the plus maze in the absence of rails is considered to be more sensitive to anxiolytic agents

(i.e. agents that would increase the amount of time spent in the open arm) than the amount of

time spent in the open arms with rails [16]. In order to measure general locomotor activity,

the number of total grid crosses was counted. The experimenter was blind to all conditions,

and animals were tested in a randomized block design on six separate occasions. In order to

illustrate this behavioral data in the summary graph (Fig. 6), an anxiety score was generated

according to the following equation:
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2.4.3. Statistical analysis—Differences between groups were assessed using either the

Student’s t-test (two groups) or an ANOVA followed by a post-hoc t-test (Student–

Newman–Keuls or Dunnett’s, as indicated in the results) to compare within multiple groups

or between experimental and control values, respectively. Statistical significance for each

analysis is indicated in the relevant Results section.

2.4.4. Source of materials—In general, most chemicals were obtained from Sigma. The

α4 antibody was synthesized by Genosys, Inc., and the GAPDH Ab by Chemicon. ECL

supplies were provided by Pierce Chemical Co. Silicone tubing and adhesive were obtained

from Nalgene Co. and Dow Corning, respectively. LZM was obtained from Wyeth

Laboratories (injectable) or RBI/Sigma (powder). Rat DNA primers were synthesized by

Operon Technologies Inc. (α4) or Integrated DNA Technologies Inc. (GAPDH).

3. Results

3.1. Short-term treatment with P increases α4 GABAR subunit mRNA and protein
immunoreactivity via 3α,5α-THP

Two to three days (48–72 h) of continuous exposure to P via s.c. capsules increased

hippocampal levels of α4 GABAR subunit immunoreactivity by two-to threefold above

control levels (1.89±0.29 or 2.75±0.24, respectively, relative to control, P<0.05; Fig. 1A,B).

α4 immunoreactivity returned to control levels by 4–5 days of continuous P exposure, and

remained at control levels throughout the entire 3-week exposure period until removal of the

capsule (‘P withdrawal’) (Fig. 1). At this time, α4 immunoreactivity again increased

threefold above control levels (3.23±0.40 relative to control, P<0.01). Similarly, 48-h

exposure to P via i.p. injections (three injections over a 48-h period, Fig. 2), also induced a

threefold increase in α4 immunoreactivity (P, 2.92±0.47; control, 1.0±0.26, P<0.01), as did

four injections over a 72-h period (data not shown). In both cases, α4 levels returned to

control values by 5–6 days of P injections (data not shown). In order to test the possibility

that 3α,5α-THP mediates this effect of P, we prevented the conversion of P to its GABA-

modulatory metabolite with concomitant injection of the 3α-HSD (3α-hydroxysteroid

dehydrogenase) blocker, indomethacin (Fig. 2) during the 48-h exposure period. Under these

conditions, the increase in α4 immunoreactivity normally observed after 48-h P exposure

was prevented, resulting in α4 levels similar to control values (P+Indomethacin, 1.107±0.37,

control, 1.0±0.26, P=0.095). Furthermore, direct injection of 3α,5α-THP (10 mg/kg,

i.p.×three injections over 48 h) also resulted in a significant, threefold increase in α4

immunoreactivity (3α,5α-THP=3.59±0.28; control, 1.0±0.27; P<0.001) compared to control

levels. In addition, significant twofold increases in α4 mRNA (using a semi-quantitative

RT-PCR technique) were observed following 48-h exposure to 3α,5α-THP compared to

control (3α,5α-THP, 1.97±0.32; control, 1.0±0.17, P<0.01, Fig. 3). Neither the

immunoreactivity nor the mRNA expression of the control protein, GAPDH, were altered by

any of the hormone treatments.
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3.2. Short-term treatment with P prevents BDZ potentiation of GABA-gated current

BDZ modulation of GABA-gated current was tested using hippocampal tissue from the

same animals that were tested for α4 immunoreactivity (described above). We predicted that

the increased expression of the α4 subunit would produce BDZ insensitivity, as has been

demonstrated previously for α4-containing GABAR [41,51]. Indeed, in neurons acutely

isolated from the hippocampus of P-treated animals, there was a marked reduction in the

ability of LZM to potentiate peak GABA-gated current assessed using whole cell patch

clamp procedures across a range of LZM concentrations (0.1–100 μM; Fig. 4). Under

control conditions, LZM potentiated GABA-gated current by 20–140% in a concentration-

dependent manner, with maximal potentiation occurring at 10 μM LZM. By 24 h of

continuous P exposure (Fig. 4), there was a reduction in the ability of LZM to potentiate

GABA-gated current (10–60% potentiation across the concentration range). By 48–72 h of

continuous P exposure, LZM potentiation of GABA-gated current was negligible (Fig. 4), a

significant change from control (P<0.001). LZM potentiation of GABA-gated current began

to recover by 4 days of P exposure (to 20–60% potentiation), and was fully recovered by 7

days of P exposure (65–200% potentiation, Fig. 4). The ability of LZM to potentiate GABA-

gated current remained at control levels throughout the duration of the P exposure period

until capsule removal (‘P withdrawal’), when the GABA modulatory effects of LZM were

again markedly attenuated producing a relative BDZ insensitivity (Fig. 6). Thus, maximal

levels of α4 immunoreactivity and mRNA levels (Figs. 2 and 4) occur at the same time-

point as maximal BDZ insensitivity.

3.3. Short-term treatment with progesterone increases anxiety and induces behavioral
insensitivity to lorazepam

For this study, we tested the hypothesis that steroid-induced upregulation of the α4 subunit

would be correlated with increased anxiety, as we have demonstrated following P

withdrawal [21,42]. Further, we predicted that the insensitivity to LZM that was

demonstrated in isolated hippocampal neurons would be evident at a behavioral level.

Indeed, animals injected with P over a 72-h period spent on average 60% less time in the

open arm of the elevated plus maze (vehicle vs. P 3 days P<0.004) than did their vehicle-

injected counterparts (Fig. 5A), indicating higher levels of anxiety. In addition, animals

treated with P for 72 h spent 73% less time beyond the rail of the apparatus, compared to

control animals (vehicle vs. P 3 days; P<0.0001, Fig. 5B). This increase in anxiety is evident

only during periods when α4 subunit levels are also significantly higher than controls (Figs.

1 and 3), since after 6 days of P injections, anxiety levels (the time spent in the open arm)

return to control values (Fig. 5A). Therefore, at the time when α4 levels are decreased (6

days), the anxiety level also returns to control values (for summary graph, see Fig. 6).

This study also demonstrates that animals injected with P for 72 h exhibit insensitivity to the

anxiolytic effects of LZM. P-treated animals did not spend significantly more time in the

open arm or beyond the rail following LZM administration (Fig. 5A,B). However, control

animals injected acutely with LZM spent 89% more time in the open arm following LZM

injection than vehicle-treated animals (vehicle/vehicle vs. vehicle/LZM; P<0.0006), and

exhibited a fivefold increase in time spent beyond the rail (vehicle vs. vehicle-LZM;

P<0.0001, Fig. 5A,B). None of the treatment conditions significantly affected general
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locomotor activity, assessed as the number of grid crossings, since these values did not

significantly vary across treatment groups (Fig. 5C). Therefore, while 1.5 mg/kg LZM is

effective at increasing the amount of time spent in the open arm (i.e. decreasing anxiety) for

vehicle-injected controls, as is consistent with other studies [17], it has no significant

anxiolytic effect after 72 h P treatment when α4 subunit levels are increased.

4. Discussion

As we have shown previously for neurosteroid (3α,5α-THP) withdrawal [41], short-term

exposure to 3α,5α-THP also results in α4 GABAR subunit upregulation and an array of

behavioral and pharmacological changes related to GABAergic function. These include

increased anxiety and BDZ insensitivity, which was assessed both in vitro and using a

behavioral paradigm. Interestingly, the time course of these observed changes suggests that

α4 GABAR upregulation is a transient event which occurs both after short-term exposure to

3α,5α-THP as well as after termination of chronic steroid exposure.

Although no direct comparison can be made between single and multiple withdrawal

paradigms in this study, it has been suggested that the severity of withdrawal may be

affected by the number of withdrawal cycles [5,25,31]. This study confirmed that a single

episode of P withdrawal increases α4 levels as does the multiple P withdrawal paradigm we

have previously employed [41,42].

The results from the present study suggest that increases in both mRNA and protein for the

α4 subunit of the GABAR are observed after 48- to 72-h exposure to 3α,5α-THP. This α4

upregulation was well-correlated with an insensitivity to the benzodiazepine LZM,

demonstrated by a marked reduction in the ability of LZM to potentiate GABA-gated

current as well as by a decrease in the anxiolytic effect of LZM. An increase in the α4

subunit expression observed here is entirely compatible with the body of literature

describing α4 as a BDZ-insensitive subunit [28,51,53] although changes in other subunits

cannot be ruled out. Furthermore, this is comparable to the increase in α4 expression that we

have observed following withdrawal from 3α,5α-THP, where the spectrum of

pharmacological changes observed was consistent with those reported for transiently

expressed α4βxγ2 isoforms [42]. In this case, in addition to BDZ insensitivity, the α4βxγ2

GABAR results in agonist-like effects for both RO15–4513 (a BDZ partial inverse agonist)

and RO15–1788 (a BDZ antagonist) [28,51].

The fact that BDZ insensitivity could occur within a relatively short period of time is

predicted by earlier reports of altered GABAR pharmacology and/or subunit expression after

exposure to neuroactive steroids in vitro for 24–48 h [19,52,54,55] and is consistent with the

reported GABAR half-life [30]. Thus, this shorter period of hormone exposure is a viable

time period for both post-transcriptional and transcriptional events which may lead to altered

GABAR pharmacology and is relevant for the relatively short-term exposure periods that

occur across the rat estrous cycle, during which altered anxiety and BDZ pharmacology

have also been reported [8,12].

The results from the present study suggest that there is a correlation between increases in α4

GABAR subunit levels and anxiety. Although no cause-and-effect relationship can be
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conclusively determined, there is substantial evidence in the literature that increases in α4

levels accompany increases in CNS excitability. α4-containing GABAR isoforms exhibit

shorter duration single channel openings compared with α1-containing receptors, assessed

using fluctuation analysis of whole cell current [33]. In addition, increases in α4 expression

have been reported after kindling paradigms, in human epileptic brain tissue and during

periods of increased seizure susceptibility that are associated with withdrawal from P or

alcohol [10,15,26,31,41].

Taken together, these findings would suggest that increased α4 expression is associated with

increased neuronal excitability, which may have behavioral consequences. Indeed, in the

present study there is also evidence of increased anxiety concomitant with increased α4

expression after short-term P exposure. This was demonstrated by a decrease in open arm

entries in the elevated plus maze after P injections, although general motor activity was

unaffected by 72-h hormone exposure [17,36]. The increase in anxiety was only observed at

time points when α4 levels were also significantly higher than controls, suggesting a

relationship between this behavioral end-point and α4 expression in the hippocampus.

Although other CNS areas, notably the amygdala and septal area [1] have been

demonstrated to play a role in anxiety, several lines of evidence also point to the

hippocampus as both a target and a modulator of physiological events associated with

anxiety [1,7,48] after withdrawal from GABAR ligands [2] which is consistent with its role

as a major integrator of the limbic circuitry. Firstly, direct hippocampal infusions of 3α,5α-

THP decrease anxiety in the elevated plus maze [7]. Conversely, direct infusion of

anxiogenic substances into the hippocampus increase anxiety [13]. Lastly, human patients

with panic disorders have decreased total GABAR levels in the hippocampus [9].

These data suggest that short-term exposure to ovarian steroids and their neuroactive

metabolites may also be a useful model of menstrual cycle-related disorders. The clinical

literature suggests that many women experiencing PMS exhibit adverse symptomatology,

especially anxiety, irritability and depression, during the late luteal phase, a time of

declining hormone levels [37]. However, a significant number of women also experience

adverse symptoms shortly after the mid-cycle peak in ovarian hormones [6,39,40] or within

several days after the administration of exogenous ovarian steroids [39]. One recent study

demonstrates that exogenous ovarian hormone administration to PMS-susceptible women

produces adverse symptomatology within several days even after their endogenous cyclicity

was prevented [39]. Taken together, this body of literature suggests that emotional lability

can be triggered not only with hormone withdrawal, but also with relatively short exposure

to ovarian hormones and/or neuroactive steroids, which may be able to up-regulate the α4

subunit. More relevant for the interpretation of the present studies are the recent reports

demonstrating altered BDZ efficacy at periods of high hormone levels during the estrous

cycle in rodents [8,12] and at the mid-cycle peak of hormone levels in women with PMS

compared to normal controls [47]. These changes in BDZ sensitivity in women with PMS at

times which correspond to several days of exposure to high levels of neurosteroids [40] are

consistent with the time course of BDZ insensitivity we observe in our model in association

with α4 upregulation.
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In conclusion, the data from this study suggest that the α4 GABAR subunit is capable of

rapid plasticity, increasing both after short-term treatment with neuroactive steroids as well

as after withdrawal following chronic steroid exposure. The mechanism(s) responsible for

this surprising pattern may be triggered by separate conditions. The initial increase in the α4

subunit, which is associated with a decrease in total GABA-gated current, may represent a

homeostatic response to prolonged GABA modulation by 3α,5α-THP. Recovery to control

levels of α4 parallels the development of (partial) tolerance to GABA modulation by 3α,5α-

THP (data not shown). In contrast, withdrawal from the steroid may increase α4 levels via a

different mechanism, perhaps at the level of transcriptional regulation. 3α,5α-THP is

increased during the luteal phase of the menstrual cycle [40] during pregnancy [14] and as a

result of stress [3], where it may originate from peripheral or CNS sites [4]. In particular,

altered GABAR composition produced by these hormonal fluctuations may then lead to

behavioral changes that include increases in anxiety, and thus may be at least one of the

precipitating factors for syndromes such as PMS.
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Fig. 1.
Time course of increases in α4 GABAR subunit levels after P capsule implantation. (A)

Statistical analysis of the data is represented as the integrated optical density of the

immunoreactive bands and is expressed as a ratio of the control condition. Asterisks above 2

day, 3 day and WD indicate a statistically significant (P<0.05) increase above control levels.

The numbers inside the bars are the individual n for each condition in experiments that were

performed in triplicate. (B) Representative Western blot of α4 immunoreactivity across the

first 5 days of hormone exposure showing typical values for the 67-kDa α4 subunit band.

The levels of the 36-kDa control protein, GAPDH, do not change during hormone treatment.
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Fig. 2.
P-induced increases in α4 subunit levels are mediated by 3α,5α-THP. Representative

Western blot demonstrating that the increase in the 67-kDa α4 subunit immunoreactivity

seen after 48-h treatment with P (i.p. injection) is replicated by direct i.p. injection of 3α,5α-

THP. Furthermore, it is also blocked by indomethacin injected simultaneously with P (P

+Indo) which prevents conversion to 3α,5α-THP. The levels of the 36-kDa control protein,

GAPDH, do not change during treatment (n=4 independent experiments performed in

triplicate).
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Fig. 3.
Levels of α4 mRNA are increased following short-term exposure to 3α,5α-THP. A

representative gel is presented indicating α4 mRNA levels (503 bp) in conjunction with the

housekeeping mRNA GAPDH (657), following RT-PCR amplification. Forty-eight-hour

exposure to 3α,5α-THP in vivo produced a significant increase in band density compared to

control in the absence of significant changes in band density for the GAPDH control. No

staining was apparent for the 0 DNA control (data not shown) (n=3 animals/group;

performed in triplicate).

Gulinello et al. Page 16

Brain Res. Author manuscript; available in PMC 2014 September 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4.
BDZ potentiation of GABA-gated current is attenuated after 48-h exposure to P.

Concentration–response curves illustrate responses of CA1 pyramidal neurons to GABA (10

μM), applied in combination with the BDZ, lorazepam (LZM, 0.1–100 μM), and assessed

using whole cell patch clamp recording techniques. Results are expressed as a percent

increase in peak GABA-gated current above levels generated by application of GABA

alone. P exposure (2–3 days via s.c. implant) markedly reduces the BDZ potentiation of

GABA-gated current normally observed under control conditions (upper left) (n=10–15 cells

per group; *P<0.01 vs. control).
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Fig. 5.
Time course of measures of anxiety across the P exposure period. (A, left axis): time spent

(s) in the open arm of the elevated plus maze is decreased after 3 days of P exposure (P3

day, 5 mg in oil, i.p.) compared to vehicle injected rats (C) (P3 day vs. C, *P<0.001), and

returns to control levels after 6 days of P injections (P6 day). Lorazepam (LZM)

significantly increases time spent in the open arm compared to vehicle, assessed in control

animals (LZM vs. C, *P<0.001). In contrast, LZM does not increase time spent in the open

arm after 3 days P injections (P3 day LZM) (LZM vs. P3 day LZM, ∞P<0.001;). (A, right

axis): P treatment for 21 days (P21 day) is similar to control conditions (C-WD) while P

withdrawal (WD) significantly decreased time spent in the open arm compared to controls

(PWD vs. C-WD, *P<0.02) or to P 21 day treatment (PWD vs. P21 day, +P<0.006). Sample

sizes are indicated in the bottom of the bar in panel and are the same as for all graphs in Fig.

1. (B) LZM significantly increases time spent beyond the rail compared to vehicle injections

in control animals (LZM vs. C, *P<0.001), but does not do so following 3 days P injections

(∞P<0.001; LZM vs. P3 day LZM). (C) There is no significant effect of any treatment on

locomotor activity assessed by number of grid crosses in the elevated plus maze.
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Fig. 6.
Summary diagram: The time course of P-induced changes in α4 levels, LZM response and

anxiety. Illustration of α4 levels (on the left axis, ratio of control) and BDZ potentiation of

GABA-gated current (in vitro LZM response, right axis, % control) reveals an inverse

correlation, with significant changes noted 2–3 days after P exposure, and again following P

withdrawal, compared to control values for both parameters. In conjunction with α4

upregulation, anxiety score (center axis, % control) increases at 3 days of P treatment (3

day) and again following P withdrawal (WD). Anxiety score is defined in the Methods.

Error bars are omitted for clarity — for complete details, see Figs. 1, 4 and 6.
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