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Abstract

Central cholinergic systems regulate the hypothalamic-pituitary-adrenal (HPA) axis differentially
in males and females (sexual diergism). We previously investigated the role of muscarinic
receptors in this regulation by administering physostigmine (PHYSO), an acetylcholinesterase
inhibitor, to male and female rats pretreated with scopolamine (SCOP), a nonselective muscarinic
antagonist. SCOP pretreatment enhanced adrenocorticotropic hormone (ACTH) and corticosterone
(CORT) responses in both sexes; males had greater ACTH responses while females had greater
CORT responses. In the present study, we further explored the role of muscarinic receptor
subtypes in HPA axis regulation by administering PHY SO to male and female rats following
SCOP or various doses of either the M1 or the M2 selective muscarinic receptor antagonists,
pirenzepine (PIREN) or methoctramine (METHO), respectively. Blood sampling occurred before
and at multiple times after PHYSO. ACTH and CORT were determined by highly specific
immunoassays. PIREN + PHYSO resulted in sustained, dose-dependent increases in ACTH and
CORT: ACTH responses were similar in both sexes, CORT responses were greater in females, and
percent changes from baseline for both hormones were greater in males. METHO + PHYSO
resulted in overall decreases in ACTH and CORT: ACTH and CORT responses were higher in
females but lower than those caused by PIREN or SCOP in both sexes, and percent changes from
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baseline were lower in males. Area under the curve analyses further supported these sexually
diergic effects. These results suggest that specific muscarinic receptor subtypes differentially
influence the HPA axis in a sexually diergic manner.

Keywords
cholinergic; methoctramine; muscarinic; pirenzepine; scopolamine; sexual diergism

1. Introduction

Muscarinic cholinergic receptors are located throughout the body and perform a wide variety
of functions. Within the central nervous system (CNS), the five molecularly identified
subtypes (M1-M5) of muscarinic receptors are widely expressed, with M1-M4 receptors
expressed most predominantly (Abrams et al., 2006; Nathanson, 2008). M1, M3, and M5
receptors are coupled to Gg/11 subunits and are primarily postsynaptic; M2 and M4 receptors
are coupled to Gj,, subunits and are primarily presynaptic, functioning as autoreceptors
(Rhodes et al., 2005; Abrams et al., 2006; Nathanson, 2008; Scarr, 2012; Jeon et al., 2015).
In regions such as the hippocampus, prefrontal cortex, amygdala, and brainstem, muscarinic
receptors are involved in cognition, memory, sleep, motor control, and various behaviors
(Hughes and Dragunow, 1993; Aura et al., 1997; Bhatnagar et al., 1997; Brazhnik et al.,
2004; Abrams et al., 2006; Cousens and Beckley, 2007; Li et al., 2007; Scarr, 2012;
Terzioglu et al., 2013; Ishibashi et al., 2014).

Central cholinergic systems also regulate the hypothalamic-pituitary-adrenal (HPA) axis, the
neuroendocrine axis that controls an organism’s stress response, and re-establishes
homeostasis following stress (Tsagarakis and Grossman, 1990; Rhodes and Rubin, 1999;
Smith and Vale, 2006; Steiner and Wotjak, 2008; Gentile et al., 2011; Gadek-Michalska et
al., 2015). Muscarinic receptors have been implicated in a variety of mental disorders
associated with HPA dysfunction, including depression, anxiety, Alzheimer’s disease, and
post-traumatic stress disorder (Marino et al., 1998; Harvey et al., 2004; Scarr, 2012;
Terzioglu et al., 2013; Witkin et al., 2014; Jeon et al., 2015), but their precise role in HPA
axis activity has not been widely studied (Bhatnagar et al., 1997; Rhodes et al., 2001a;
2001b; 2005; 2008; Hoeller et al., 2016), the majority of these studies being from our
laboratory. Because depression, anxiety disorders, and post-traumatic stress disorder are
over twice as prevalent in women as they are in men (Rhodes and Rubin, 1999; Reich et al.,
2009; Guo et al., 2012; Scarr, 2012; Babb et al., 2013; Pisu et al., 2016; Wiersielis et al.,
2016), sexually diergic mechanisms underlying muscarinic regulation of HPA axis activity
are pertinent areas of study. As well, the potential role of muscarinic receptors in the
pathophysiology of mood disorders has triggered an interest in muscarinic receptors as a
possible target for antidepressant therapy (Scarr, 2012; Witkin et al., 2014; Jeon et al., 2015),
further underscoring the importance of studies addressing sexual diergism and muscarinic
regulation of stress pathways.

In our previous studies with jugular vein-cannulated rats, pretreatment with the nonselective
muscarinic antagonist scopolamine (SCOP) increased HPA axis responses to the
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acetylcholinesterase inhibitor physostigmine (PHYSO) in both males and females (Rhodes
et al., 2001a). The effects of SCOP were sexually diergic: adrenocorticotropic hormone
(ACTH) responses were greater in males, and corticosterone (CORT) responses were greater
in females (Rhodes et al., 2001a; 2001b). We also have used M1 and M2 muscarinic
receptor knockout (KO) mice to clarify the role of individual muscarinic receptor subtypes
in HPA axis responses. The results of these studies suggested that M2 receptors play an
important role in HPA axis regulation, consistent with the sexually diergic findings of our
studies in rats (Rhodes et al., 2005; 2008).

The goal of the present study was to further characterize the sexually diergic role of M1 and
M2 muscarinic receptors in HPA axis regulation by administering PHYSO to male and
female rats following various doses of either nonselective, M1 selective, or M2 selective
muscarinic receptor antagonists: SCOP, pirenzepine (PIREN), and methoctramine
(METHO), respectively.

2. Materials and Methods

2.1 Animals

One hundred and forty-one male and 137 female, eight-week old, jugular vein-cannulated,
Sprague-Dawley rats weighing 220-225 g were obtained from Taconic Farms, Inc.
(Germantown, NY, USA). Animals were housed singly in a well-ventilated, temperature-
and humidity-controlled environment (22-25°C, 50-75% humidity) under a standard 12-h
light/dark cycle (lights on at 0700 h). Laboratory rat chow and water were available ad
libitum. Estrous cycle was not controlled in the present study, but staging of the female rats
for post-hoc analysis was done by light-microscopic examination of daily vaginal smears.
Animals were allowed 4-5 days to acclimate to the housing conditions and the blood
sampling paradigm via routine handling and flushing of their cannulae. Experiments were
performed between 0900 h and 1300 h to minimize circadian variations in plasma hormone
concentrations. All experiments were approved by the Allegheny-Singer Research Institute
Animal Care and Use Committee and were conducted in accordance with National Institutes
of Health guidelines for the care and use of laboratory animals. All efforts were made to
minimize the number of animals used and their suffering.

2.2 Drug Administration

All drugs were administered intraperitoneally (IP). PHYSO (physostigmine salicyclate;
Forest Pharmaceuticals, St. Louis, MO, USA), SCOP (scopolamine HCI; Sigma, St. Louis,
MO, USA), PIREN (pirenzepine dihydrochloride; Sigma, St. Louis, MO, USA), and
METHO (methoctramine tetrachloride; Sigma, St. Louis, MO, USA) were freshly prepared
in saline (SAL) before injection. Dosing times and concentrations for PHYSO and SCOP
(Somani and Khalique, 1986; 1987; Jung et al., 1988a; 1988b; O’Neill et al., 1994; Rhodes
et al., 2001b), PIREN (Hughes and Dragunow, 1993; Tobin, 1998; Tobin et al., 2002; Witkin
etal., 2014), and METHO (Wess et al., 1988; Watson et al., 1992; 1998; Hirose et al., 2002;
Tobin et al., 2002; Furuta et al., 2016) were based on their onset of action, half-life, and
elimination in rats. SCOP (0.3 mg/kg) was used because that dose produced significant,
sexually diergic HPA axis responses in our earlier studies (Rhodes et al., 2001a; 2001b).
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In all experiments, PHYSO (0.1 mg/kg — represented as PHYSO in figures, tables, and text)
was administered at 0 min. In the antagonist + PHYSO studies, antagonists were
administered at —25 min and included SCOP (0 or 0.3 mg/kg — represented as SAL, SCOP
0.3), PIREN (0, 10, 30, or 70 mg/kg — represented as SAL, PIREN 10, PIREN 30, PIREN
70), and METHO (0, 0.3, 1, 3 mg/kg — represented as SAL, METHO 0.3, METHO 1,
METHO 3). SAL was substituted for PHY SO or for the antagonists in the control groups
(e.g., SAL + SAL, SAL + PHYSO, SCOP + SAL, PIREN + SAL, METHO + SAL), so that
all animals always received two injections.

2.3 Blood Sampling

A standard, two-person procedure for blood sampling from cannulated animals that was
established in our laboratory was used. One person gently held the animal in a stationary
position, while the other person collected the blood sample. Animals remained calm
subsequent to daily handling by these same individuals. Each blood sample was collected in
less than 1 min. To maintain cannula patency, twice each week the stainless-steel cannula
plug was removed, the heparin-polyvinylpyrrolidone (PVP; 100 1U/ml) lock solution
(Sigma, St. Louis, MO, USA) was aspirated, and 0.1 ml buffered normal SAL was injected,
followed by replacement of 0.02 ml lock solution. A similar procedure was followed for
blood sampling: The lock solution was aspirated, and 300-325 /4 blood was withdrawn into
a 1-ml tuberculin syringe, immediately transferred into microcollection tubes, and stored on
ice. Following blood sample collection, replacement solution of warm (37°C) buffered
normal SAL, equal to the amount of blood withdrawn, was immediately infused through the
cannula, the cannula was injected with 0.02 ml lock solution, and the stainless-steel plug
was reinserted.

The plasma was separated by centrifugation, immediately frozen at —80°C, and stored until
hormone analyses. Baseline blood samples were collected at —25 min (immediately prior to
the administration of the first drug) and at =15 min. The two baseline hormone values were
averaged and are presented in the figures as one average baseline value at =20 min. Four
additional blood samples were collected at 10 min, 20 min, 40 min, and 60 min following
administration of the second drug (PHYSO or SAL) at 0 min.

2.4 Hormone Assays

Plasma samples were analyzed in singlet for ACTH and in duplicate for CORT. ACTH was
determined by a highly specific immunoradiometric assay (Nichols Institute, San Juan
Capistrans, CA, USA). Inter- and intra-assay coefficients of variation were 6% and 4%
respectively. The minimum detectable ACTH concentration was 1.5 pg/ml. CORT was
analyzed by radioimmunoassay kits (ICN Pharmaceuticals, Costa Mesa, CA, USA). The
CORT antibody cross-reacted less than 0.5% with other steroids. Inter- and intra-assay
coefficients of variation were both 4%. The minimum detectable CORT concentration was
1.1 ng/ml.

2.5 Statistical Analysis

Group Ns varied due to insufficient sample for the analysis of both hormones from some
animals and/or loss of cannula patency. Data are presented as mean + standard error of the
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mean (SEM). Areas under the curve (AUC) were used as additional measures of hormone
responses and were calculated using Bode’s rule of numerical integration, a specific
variation of the trapezoidal rule for five point (=20, 10, 20, 40, and 60 min) area
determinations. AUCs were corrected for baseline such that the —20 min baseline served as
the zero point for AUC integration. Changes in plasma hormone concentrations following
drug treatments also were calculated for each animal as the post-drug change from its own
baseline at each time point. Between-group comparisons of drug treatments used the SAL-
treated group as the control and were assessed by three-way analysis of variance (ANOVA)
(sex x drug treatment x time), with time as a within-groups factor.

Where appropriate, post-hoc pairwise comparisons were made with Fisher’s least significant
difference tests. Significance was considered as p < 0.05 (two-tailed). All data sufficiently
approximated Gaussian distributions so that no transformations were required (log-
transformation did not alter the statistical results).

3.1 Behavioral Observations

All drug doses were chosen to minimize noxious side effects, because noxious stress is a
non-specific activator of the HPA axis (Assenmacher et al., 1987). Observable cholinergic
effects, such as increased defecation, urination, piloerection, salivation, tremor, and
chromodachryorrhea (“red tears”) were documented if present. Side effects were minimal
and only occurred in 16 of the animals, 15 of which were administered PHYSO. Five of
these rats were male, and 11 were female; there was no particular link between sex and
specific side effects. PIREN pretreatment of 10 and 30 mg/kg caused hyperactivity in 6 rats
(2 males, 4 females) and lethargy in 2 rats (1 male, 1 female). In total, 5 rats displayed
diarrhea across all groups (1 male, 4 females); these animals were all treated with PHY SO,
with no particular link to sex or pretreatment type (1 received SAL, 2 received SCOP, 1
received PIREN, and 1 received METHO). Tremulous jaw movements, which are vertical
adductions and abductions of the lower jaw that resemble chewing but serve no apparent
purpose (Carlson et al., 2000; Salamone et al., 2001), were observed in 3 rats treated with
PHYSO, with no particular link to sex (1 male, 2 females) or pretreatment type (1 received
PIREN, and 2 received METHO). No other side effects were observed among the groups. Of
importance, post-drug ACTH and CORT values were not statistically significantly different
between the few animals with observable side effects and those with none.

3.2 HPA Axis Hormone Responses to PHYSO

Figures 1 and 2(A, B) show absolute plasma ACTH and CORT concentrations, respectively,
following PHYSO (0.1 mg/kg — PHYSO) or SAL (1 ml/kg — SAL) at 0 min. All groups
were administered SAL (1 ml/kg) at =25 min. AUCs were calculated to further analyze main
effects and interactions. Tables 1 and 2 show the corresponding ACTH and CORT AUCs,
respectively. Due to baseline fluctuations between the sexes, percent changes from baseline
also were used in the statistical analyses and graphical presentation. Figures 1 and 2(C, D)
show the corresponding percent changes from baseline of the hormone responses to
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PHYSO. Post-hoc comparisons for sex, drug, and time are indicated in the figures and
tables.

ACTH—SAL + SAL significantly increased ACTH release in females but not in males (Fig.
1A). ACTH responses to SAL + PHY SO showed a significant main effect of time (£
(4,248)=12.93; p < 0.0001), as well as significant sex x time (£ (4,248)=2.55; p = 0.04) and
drug x time (£ (4,248)=5.24; p = 0.0005) interactions (Fig 1B). Male ACTH responses to
SAL + PHYSO were significantly greater than both female ACTH responses to SAL +
PHYSO and male ACTH responses to SAL + SAL.

Analysis of AUCs for ACTH was consistent with these results with significant main effects
of drug (F(1,62)=5.57; p = 0.02) and time (F(1,63)=36.94; p < 0.0001), as well as
significant sex x drug (#~(1,62)=9.37; p = 0.003) and drug x time (~(1,63)=5.97; p = 0.018)
interactions (Table 1). The male ACTH AUC for SAL + PHYSO was significantly greater
than both the female ACTH AUC for SAL + PHYSO and the male ACTH AUC for SAL +
SAL. SAL + PHYSO did not result in any significant changes in the female ACTH AUC.

Analysis of the ACTH percent changes from baseline also indicated significant main effects
of drug (F (7, 336)=40.00; p < 0.0001) and sex (F~ (1, 47)=37.55; p < 0.0001), as well as a
significant drug x sex interaction (#~ (7, 336)=35.34; p < 0.0001) (Fig. 1C, D). Male ACTH
percent change responses to SAL + PHY SO were significantly greater than both the female
responses to SAL + PHY SO and the male responses to SAL + SAL.

CORT—SAL + SAL significantly increased CORT release in females compared to males
(Fig. 2A). CORT responses to SAL + PHYSO showed significant main effects of sex (£
(1,61)=75.52; p < 0.0001), drug (#(1,61)=9.63; p = 0.003), and time (F(4,248)=46.95; p
<0.0001), as well as significant sex x drug (F(1,61)=6.64; p = 0.01), sex x time (F
(4,248)=5.83; p = 0.0002), and drug x time (F (4,248)=10.14; p < 0.0001) interactions (Fig.
2B). Male CORT responses were significantly increased by SAL + PHYSO, but female
CORT responses to SAL + PHY SO were significantly greater than both male CORT
responses to SAL + PHY SO and female CORT responses to SAL + SAL.

Analysis of CORT AUCs supported the absolute CORT results with significant main effects
of sex (F(1,61)=5.02; p = 0.03), drug (F(1,61)=19.45; p < 0.0001), and time (~
(1,62)=107.98; p < 0.0001), as well as significant sex x time (F(1,62)=4.07; p = 0.048) and
drug x time (F(1,62)=19.44; p < 0.0001) interactions (Table 2). Female CORT AUC for
SAL + SAL was significantly greater than the corresponding male CORT AUC. SAL +
PHYSO significantly increased both male and female CORT AUCs compared to SAL +
SAL.

Analysis of the CORT percent changes from baseline was significant for the main effects of
sex (F (1, 46)=40.41; p < 0.0001) and drug (F (7, 329)=45.74; p < 0.0001), as well as for a
sex x drug (F (7, 329)=32.46; p < 0.0001) interaction (Fig. 2C, D). Male CORT percent
change responses to SAL + PHY SO were significantly greater than corresponding female
responses to SAL + PHY SO and male responses to SAL + SAL. The sex difference in the
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percent change data reflects the lower absolute CORT baselines in males compared to
females (Fig. 2B).

3.3 Effect of SCOP Pretreatment on HPA Axis Hormone Responses to PHYSO

Figures 3 and 4(A-D) show the effects of SCOP (0.3 mg/kg — SCOP 0.3) pretreatment on
absolute plasma ACTH and CORT concentrations. Tables 1 and 2 show the corresponding
ACTH and CORT AUCs. Figures 3 and 4(E and F) show the corresponding percent changes
from baseline. Post-hoc comparisons for sex, drug, and time are indicated in the figures and
tables.

ACTH—ACTH responses to SCOP pretreatment showed significant main effects of drug (F
(3,101)=143.79; p < 0.0001) and time (F(4,408)=145.75; p < 0.0001) (Fig. 3A-D), as well
as significant sex x drug (F(3,101)=8.18; p < 0.0001), sex x time (F(4,408)=9.30; p <
0.0001), and drug x time (#(12,408)=55.06; p < 0.0001) interactions. SCOP 0.3 + PHYSO
significantly increased ACTH responses in both sexes compared to SAL + SAL and SAL +
PHYSO, with male responses being significantly greater than female ACTH responses (Fig.
3C). SCOP 0.3 + SAL significantly increased ACTH responses to a similar extent in males
and females, although the females started from a higher baseline.

Analysis of the AUCs for ACTH was consistent with these results, with significant main
effects of sex (F(1,102)=5.70; p = 0.02), drug (F(3,102)=78.42; p < 0.0001), and time (F
(1,103)=260.53; p < 0.0001), as well as significant sex x drug (F(3,102)=3.87; p = 0.012),
sex x time (F(1,103)=6.13; p = 0.015), and drug x time (~(1,103)=75.12; p < 0.0001)
interactions (Table 1). SCOP 0.3 + PHYSO significantly increased ACTH AUCs in both
sexes compared to SAL + SAL and SAL + PHYSO, with the male AUC being significantly
greater than the female AUC. SCOP 0.3 + SAL significantly increased ACTH AUCs nearly
equally in both sexes.

Analysis of ACTH percent changes from baseline was significant for the main effects of sex
(F(1,47)=40.21; p < 0.0001) and drug (F (15, 720)=32.92; p < 0.0001), with a sex x drug
interaction (#(15,720)=17.06; p < 0.0001) (Fig. 3E, F). Male ACTH percent change
responses to SCOP 0.3 + PHYSO were significantly greater than corresponding female
responses to SCOP 0.3 + PHYSO and male responses to SAL + SAL. As with other
measures of ACTH, female ACTH percent change responses to SCOP 0.3 + SAL were
significantly higher than female responses to SAL + SAL and SAL + PHYSO.

CORT—CORT responses to SCOP pretreatment were significant for the main effects of sex
(F(1,102)=246.71; p < 0.0001), drug (F(3,102)=30.08; p < 0.0001), and time (F
(4,412)=205.03; p < 0.0001), as well as for sex x drug (+~(3,102)=4.06; p = 0.009), sex x
time (F(4,412)=14.97; p < 0.0001), and drug x time (#(12,412)=12.51; p < 0.0001)
interactions (Fig. 4A-D). SCOP 0.3 + PHYSO significantly increased CORT responses in
both sexes compared to SAL + SAL and SAL + PHYSO, with female CORT responses
being of greater magnitude and duration than male responses (Fig. 4C). CORT responses to
SCOP 0.3 + SAL displayed a similar, but lower, pattern (Fig. 4D).
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Analysis of the AUCs for CORT supported the absolute CORT results, with significant main
effects of sex (F(1,102)=42.61; p < 0.0001), drug (+(3,102)=30.51; p < 0.0001), and time
(F(1,103)=68.07; p < 0.0001), and significant sex x drug (£ (3,102)=3.45; p = 0.02), sex x
time (F(1,103)=38.09; p < 0.0001), and drug x time (#(1,103)=29.80; p < 0.0001)
interactions (Table 2). In both sexes, SCOP 0.3 + PHYSO significantly increased CORT
AUCs compared to SAL + SAL and SAL + PHYSO, with female CORT AUC being
significantly greater than male CORT AUC (p < 0.01). SCOP 0.3 + SAL generated similar
AUCs that were lower in magnitude compared to SCOP 0.3 + PHYSO.

Analysis of CORT percent changes from baseline showed significant main effects of sex (F
(1,46)=50.00; p < 0.0001) and drug (F (15,705)=35.87; p < 0.0001), and a significant sex x
drug interaction (F(15,705)=21.92; p < 0.0001) (Fig. 4E, F). CORT percent change
responses to SCOP 0.3 + PHYSO and SCOP 0.3 + SAL were significantly increased in both
Sexes.

3.4 Dose Effects of PIREN Pretreatment on HPA Axis Hormone Responses to PHYSO

Figures 5 and 6(A-F) show the effects of PIREN (10, 30, or 70 mg/kg — PIREN 10, PIREN
30, or PIREN 70) pretreatment on absolute plasma ACTH and CORT concentrations. Tables
1 and 2 show the corresponding ACTH and CORT AUCSs. Figures 5 and 6(G and H) show
the corresponding percent changes from baseline. Post-Aoc comparisons for sex, drug, and
time are indicated in the figures and tables.

ACTH—PIREN pretreatment exhibited significant main effects of sex (#(1,149)=6.26; p =
0.0135), drug (F(5,194)=89.43; p < 0.0001), and time (F (4,600)=64.66; p < 0.0001), as
well as a significant drug x time (%~ (20,600)=14.68; p < 0.0001) interaction (Fig. 5A-F).
Overall, PIREN pretreatment significantly increased ACTH responses compared to SAL +
SAL and SAL + PHYSO similarly in both sexes, and in a dose-dependent manner.

Analysis of ACTH AUCs supported the absolute ACTH results, with significant main effects
of sex (F(1,150)=7.65; p = 0.006), drug (~ (5,150)=41.12; p < 0.0001), and time (F~
(1,151)=217.76; p < 0.0001), and significant sex x drug (F(5,150)=5.77; p < 0.0001), sex x
time (F(1,151)=8.47; p = 0.004), and drug x time (F~(5,151)=39.81; p < 0.0001) interactions
(Table 1). For both sexes, all doses of PIREN + PHYSO significantly increased ACTH
AUCs compared to SAL + SAL. The two higher doses of PIREN pretreatment also
generated significant increases in ACTH AUCs compared to SAL + PHYSO, with PIREN
70 + PHYSO generating the largest AUCs in both sexes.

Analysis of the ACTH percent changes from baseline also showed significant main effects of
sex (F(1,47)=82.30; p < 0.0001) and drug (F(23,1104)=33.58; p < 0.0001) and a significant
sex x drug interaction (#(23,1104)=31.07; p < 0.0001) (Fig 5G, H). Male ACTH percent
change responses to PIREN 30 + PHY SO were significantly greater than the respective
female responses to PIREN 30 + PHYSO and the male responses to SAL + PHYSO. PIREN
70 + PHYSO responses were similar to the male PIREN 30 + PHY SO responses, suggesting
a ceiling effect.
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CORT—PIREN pretreatment resulted in significant main effects of sex (#(1,148)=379.43;
p < 0.0001), drug (F(5,148)=65.25; p < 0.0001), and time (F(5,596)=272.32; p < 0.0001),
and significant sex x drug (F(5,148)=8.07; p < 0.0001), sex x time (F(4,596)=11.83; p <
0.0001), and drug x time (#(20,596)=19.96; p < 0.0001) interactions (Fig. 6A-F). CORT
responses to PIREN also showed dose-dependent increases in both sexes. Female CORT
responses were significantly greater than male CORT responses for all PIREN pretreatment
groups.

Analysis of CORT AUCSs supported the absolute CORT results with significant main effects
of sex (F(1,148)=31.07; p < 0.0001), drug (F(5,148)=39.67; p < 0.0001), and time (F
(1,149)=51.90; p < 0.0001), and significant sex x time (F(1,149)=25.96; p < 0.0001) and
drug x time (F(5,149)=38.56; p < 0.0001) interactions (Table 2). PIREN pretreatment
significantly increased CORT AUCs compared to SAL + SAL at all doses, and compared to
SAL + PHYSO at the two higher doses. Female CORT AUCs for all PIREN pretreatment
groups were significantly greater than corresponding male CORT AUCs.

Analysis of the CORT percent changes from baseline was significant for the main effects of
sex (F(1,46)=153.07; p < 0.0001) and drug (£ (23,1081)=30.29; p < 0.0001), and for a sex x
drug interaction (F(23,1081)=22.69; p < 0.0001) (Fig. 6G, H). CORT percent change
responses to PIREN 30 + PHYSO and PIREN 70 + PHY SO were significantly greater in
males than in females.

3.5 Dose Effects of METHO Pretreatment on HPA axis Hormone Responses to PHYSO

Figures 7 and 8(A-F) show the effects of METHO (0.3, 1, or 3 mg/kg — METHO 0.3,
METHO 1, or METHO 3) pretreatment on absolute plasma ACTH and CORT
concentrations. Tables 1 and 2 show the corresponding ACTH and CORT AUCSs. Figures 7
and 8(G and H) show the corresponding percent changes from baseline. Post-hoc
comparisons for sex, drug, and time are indicated in the figures and tables.

ACTH—METHO pretreatment resulted in significant main effects of sex (F(1,147)=16.74;
p <0.0001), drug (F~(5,147)=41.16; p < 0.0001), and time (F(4,592)=32.89; p < 0.0001)
(Fig. 7A-F), and significant sex x drug (+(5,147)=16.81; p < 0.0001) and drug x time (F
(20,592)=5.00; p < 0.0001) interactions. All doses of METHO + PHYSO (Fig. 7C-E)
resulted in ACTH responses in both sexes that were lower in magnitude than the ACTH
responses to PIREN + PHYSO (Fig. 5C-E) and SCOP + PHYSO (Fig. 3C). Female ACTH
responses were not significantly different from male ACTH responses, although females had
higher ACTH baseline values.

Analysis of the AUCs for ACTH supports the absolute ACTH results, with a significant
main effect of time (F(1,149)=19.09; p < 0.0001), and a significant sex x time (F
(1,149)=3.92; p = 0.05) interaction (Table 1). The lesser number of significant main effects
and interactions further supports the finding that METHO pretreatment had little effect on
ACTH responses to PHYSO. The only sex difference occurred with METHO 3 + PHY SO,
in which female ACTH AUC was significantly lower than male ACTH AUC, similar to the
sex differences in ACTH AUCSs with PIREN 30 and PIREN 70 + PHYSO.
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Analysis of the ACTH percent changes from baseline was significant for main effects of sex
(F(1,47)=36.95; p < 0.0001) and drug (F(23,1104)=36.81; p < 0.0001), and a significant
sex x drug interaction (£~ (23,1104)=20.75; p < 0.0001) (Fig. 7G, H). Male ACTH percent
change responses were greater than corresponding female responses, but significantly lower
than male responses to SAL + PHYSO.

CORT—METHO pretreatment resulted in significant main effects of sex (F
(1,148)=343.91; p < 0.0001), drug (F (5,148)=24.45; p < 0.0001), and time (F
(4,596)=195.76; p < 0.0001), and sex x drug (~ (5,148)=7.25; p < 0.0001), sex x time (F
(4,596)=22.13; p < 0.0001), and drug x time (F(20,596)=12.37; p < 0.0001) interactions
(Fig. 8A—F). Overall, however, METHO pretreatment had little effect on CORT responses to
PHYSO: All doses of METHO + PHYSO (Fig. 8C-E) resulted in CORT responses that
closely resembled the CORT responses to SAL + PHYSO (Fig. 8B) and that were lower in
magnitude than the CORT responses to PIREN + PHYSO (Fig. 6C-E) and SCOP + PHYSO
(Fig. 4C-E).

Analysis of CORT AUCSs supported the absolute CORT results, with significant main effects
of sex (F(1,148)=21.87; p < 0.0001), drug (F(5,148)=16.40; p < 0.0001), and time (F
(1,149)=46.76; p < 0.0001), and significant sex x drug (F(5,148)=3.50; p = 0.005), sex x
time (£ (1,149)=17.71; p < 0.0001), and drug x time (#(5,149)=16.15; p < 0.0001)
interactions (Table 2). In both sexes, the two lower doses of METHO + PHY SO, along with
METHO + SAL, yielded CORT AUCs that were lower than the CORT AUCs for SAL +
PHYSO.

Analysis of CORT percent changes from baseline showed significant main effects of sex (F
(1,46)=87.25; p < 0.0001) and drug (F(23,1081)=35.00; p < 0.0001) and a significant sex x
drug interaction (~(23,1081)=15.56; p < 0.0001) (Fig 8G, F). Male percent CORT responses
to METHO 0.3 + PHYSO and METHO 3 + PHYSO were significantly greater than the
respective female percent CORT responses, reflecting the lower male absolute CORT
baselines. Male percent CORT responses to METHO 1 + PHYSO and METHO 1 + SAL
were significantly lower than male percent CORT responses to SAL + PHY SO and became
negative with respect to baseline. Female percent CORT responses were reduced in a similar
manner.

4. Discussion

To our knowledge, this is first study to use selective muscarinic antagonists to explore the
specific role of M1 and M2 muscarinic receptors in sexually diergic HPA axis responses to
cholinergic stimulation in rats. The results of the present study suggest that M1 and M2
receptors have unique influences upon HPA axis activity: M1 receptor activation appears to
inhibit HPA responses to cholinergic stimulation, in that M1 receptor antagonism by PIREN
led to enhanced HPA responses. In contrast, M2 receptor activation appears to enhance HPA
responses to cholinergic stimulation, in that M2 receptor antagonism by METHO led to
reduced HPA responses.
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The present results support and build upon our findings in previous studies (Rhodes et al.,
2001a; 2001b). While the procedures of the present study were largely similar to those used
in previous studies, several modifications were made to more comprehensively evaluate
ACTH and CORT responses. For example, the previous studies used three blood sampling
times (=10, 20, and 40 min) (Rhodes et al., 2001a), while the present study used six blood
sampling times (=25, —15, 10, 20, 40, and 60 min). This sampling schedule allowed a more
detailed view of hormone responses over time via AUC analyses.

In both the present and previous studies, SAL + PHYSO and SCOP + PHY SO significantly
increased ACTH and CORT responses in both sexes. Also in the present and previous
studies, males had greater absolute ACTH responses, females had greater absolute CORT
responses, and males had greater ACTH and CORT percent changes from baseline (Fig. 1
and 2A-D; Fig. 3 and 4A-F). The AUC results in the present study support these findings
(Table 1 and 2).

The addition of PIREN and METHO pretreatment groups extends these findings by
investigating the role of specific muscarinic receptor subtypes in HPA axis regulation.
Blockade of M1 receptors by PIREN pretreatment significantly increased ACTH and CORT
responses to PHY SO in both sexes in a dose-dependent manner. Blockade of M2 receptors
by METHO pretreatment resulted in ACTH and CORT responses that were lower in
magnitude than the ACTH and CORT responses to both SCOP and PIREN pretreatment.

The responses to PIREN and METHO pretreatment also exhibited sexual diergism. Absolute
ACTH responses to PIREN were similar in males and females, and absolute CORT
responses were greater in females (Fig. 5 and 6A-F). ACTH and CORT AUCs were
increased following PIREN pretreatment, with males exhibiting greater ACTH AUCs and
females exhibiting greater CORT AUCs (Table 1 and 2). ACTH and CORT percent changes
from baseline were greater in males (Fig. 5 and 6G—H). In contrast, absolute ACTH and
CORT responses to METHO appeared to be greater in females (Fig. 7 and 8A-F). ACTH
and CORT AUCs were decreased following METHO pretreatment and showed sex
differences for METHO 3 + PHYSO and METHO 1 + SAL (Table 1 and 2). Percent
changes from baseline were decreased to a greater extent in males (Fig. 7 and 8A-H). These
PIREN and METHO results support and expand our previous findings with SCOP which
suggest that muscarinic receptor regulation of the HPA axis is sexually diergic.

The present results also support our studies with M1 and M2 muscarinic receptor KO mice,
which suggest that M2 receptors are particularly important in the muscarinic regulation of
HPA axis responses in both males and females (Rhodes et al., 2005; 2008). PIREN
pretreatment, that ostensibly decreased M1 receptor activity and left M2 receptor function
unchanged in the presence of increased acetylcholine (ACh) concentrations from PHY SO,
increased ACTH and CORT responses. METHO pretreatment, that ostensibly left M1
receptor activity unchanged and decreased M2 receptor activity in the presence of increased
ACh concentrations from PHY SO, did not result in the same hormone increases. Given these
results, the present study complements our KO studies by demonstrating the importance of
both M1 and M2 receptors in HPA axis activity.
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Differential receptor selectivity of PIREN and METHO at different doses may have
influenced the present results. The CORT AUC:s led us to hypothesize that the highest dose
of METHO (3 mg/kg) may have lost M2 selectivity and blocked both pre- and postsynaptic
muscarinic receptors, similar to SCOP. This could explain why the highest dose of METHO
did not follow the pattern of decreasing CORT AUCs observed with the lower doses of
METHO. Additional studies with higher and lower METHO doses will be needed to address
this hypothesis.

Our findings highlight the importance of synaptic location with regard to muscarinic
receptor activity. When an antagonist acts primarily presynaptically, as with METHO, HPA
axis responses to PHY SO are blunted. When an antagonist acts primarily postsynaptically,
as with PIREN, HPA axis responses to PHY SO are enhanced. Enhancement also occurs
when an antagonist acts at both synaptic locations, as with SCOP. Both pre- and
postsynaptic muscarinic receptors thus play a role in HPA axis regulation, with postsynaptic
M1 receptors primarily decreasing HPA responses and presynaptic M2 receptors primarily
increasing HPA responses.

Within the CNS, there are several brain regions where PHYSO, SCOP, PIREN, and METHO
could have acted to influence the HPA axis. Muscarinic receptor expression has been
demonstrated in the paraventricular nucleus (PVN) of the hypothalamus and in the anterior
pituitary (Shoji et al., 1989; Tsagarakis and Grossman, 1990; Rhodes and Rubin, 1999). M1,
M2, and M3 receptors are present in these regions (Avissar et al., 1981a; 1981b; Coiro et al.,
1987; Wang et al., 1989; Némethy et al., 1999; Pintér et al., 1999). M1 and M2 muscarinic
receptors also are widely expressed in other regions of the brain that influence the HPA axis
(Levey et al., 1991; Caulfield and Birdsall, 1998; Rhodes and Rubin, 1999; Abrams et al.,
2006; Nathanson, 2008), including the hippocampus, medial prefrontal cortex (mPFC),
brainstem, bed nucleus of the stria terminalis (BNST), amygdala, and other neighboring
hypothalamic nuclei, including the medial preoptic area, lateral hypothalamus, and
suprachiasmatic nucleus (Herman et al., 2005; Smith and Vale, 2006; Ulrich-Lai and
Herman, 2009; Uchoa et al., 2014). These regions can modulate HPA axis activity in a
variety of ways via numerous direct and indirect innervations to the PVN, and it is likely that
the cholinergic drugs used in the present study could have acted in multiple areas within this
complex network to generate the observed hormone responses.

Drug action at the level of the HPA axis is highly probable, as the median eminence that lies
between the hypothalamus and pituitary is one of the circumventricular organs that is less
subject to the restriction of the blood brain barrier (BBB) (Evans et al., 1986; Ganong,
2000). PHY'SO and SCOP readily penetrate the BBB (Rhodes et al., 2001b; Witkin et al.,
2014), so their action in other brain regions is likely. While prior studies have expressed
concern over the BBB permeability of PIREN and METHO (Coiro et al., 1987; Stillman et
al., 1993), it has been shown that both can penetrate the BBB and influence CNS activity
when administered peripherally (Howell et al., 2005; Witkin et al., 2014). In a study
determining antidepressant effects, PIREN (3 and 10 mg/kg, IP) was administered followed
by collection of brain samples after 30 min. The brain samples showed that PIREN, at doses
lower than or equivalent to those used in our study, entered the brain at levels sufficient for
M1 receptor binding and antagonism (Witkin et al., 2014). As well, administration of
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METHO (0.5 mg/kg, IP) significantly inhibited oxotremorine-induced tremor, an effect
requiring CNS entry by METHO (Howell et al., 2005). It thus appears that PIREN and
METHO have the ability to cross the BBB, and therefore most likely acted centrally in our
study.

There are several potential mechanisms that may underlie the present results. At the
hypothalamic and pituitary levels, the actions of SCOP, PIREN, and METHO likely
corresponded to a mechanism we proposed in previous studies (Rhodes et al., 2001a; 2008),
that SCOP’s blockade of presynaptic M2 muscarinic receptors could decrease
autoinhibition, increase synaptic ACh, and overwhelm postsynaptic M1 muscarinic receptor
blockade to ultimately increase ACTH and CORT responses (Rhodes et al., 2001a). If this
were the only mechanism, PIREN would be expected to decrease hormone responses by
blocking only excitatory postsynaptic M1 receptors and METHO would be expected to
increase hormone responses by blocking only inhibitory presynaptic M2 autoreceptors.
However, hormone responses to PIREN were increased, and hormone responses to METHO
were lower than responses to SCOP or PIREN. Mechanisms beyond direct M1 and M2
blockade in the hypothalamus and pituitary therefore must have been involved in producing
the results of the present study.

One factor that likely played a role was the stimulatory action of PHYSO on excitatory
nicotinic receptors. PHY SO indirectly stimulates all cholinergic receptors, both muscarinic
and nicotinic, by increasing synaptic ACh (Rhodes et al., 2001a; Ishibashi et al., 2014; Jeon
et al., 2015; Fogaga et al., 2016). In the presence of muscarinic blockade, it is probable that
the increased ACh enhanced the activity of nicotinic receptors resulting in an excitatory
effect on the HPA axis (Rhodes et al., 2001a). While nicotinic receptors are present within
the hypothalamus, their activity in the brainstem is largely responsible for HPA axis
regulation (Fu et al., 1997; Matta et al., 1998). The brainstem sends primarily
catecholaminergic projections to the parvocellular division of the PVN where
norepinephrine (NE) acts to increase CRH release and stimulate the HPA axis (Ulrich-Lai
and Herman, 2009; Assenmacher et al., 1987; Tsagarakis and Grossman, 1990; Whitnall,
1993; Fu et al., 1997; Rhodes and Rubin, 1999; Terzioglu et al., 2013). Activation of
nicotinic receptors by PHY SO in regions such as the nucleus of the solitary tract increases
this stimulatory NE release to the PVN (Matta et al., 1995; Fu et al., 1997; Matta et al.,
1998; Yu and Sharp, 2010). Increases in ACTH and CORT resulting from nicotinic
stimulation likely are partly responsible for the hormone responses observed in our treatment
groups.

Beyond these nicotinic effects, the cholinergic drugs used in this study may have acted on
several muscarinic pathways. As mentioned previously, there are multiple regions of the
brain that modulate the HPA axis and contain muscarinic receptors. One of these regions, the
hippocampus, serves as a major inhibitor of HPA axis activity (Bhatnagar et al., 1997; Smith
and Vale, 2006; Ulrich-Lai and Herman, 2009; Hoeller et al., 2016). Hippocampal
muscarinic receptors play a role, in that administration of SCOP into the hippocampus
increased ACTH and CORT responses to restraint stress (Bhatnagar et al., 1997). These
results and our present findings suggest that the net activity of hippocampal muscarinic
receptors inhibits the HPA axis, and determining the role of specific muscarinic receptors in
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pathways connecting the hippocampus to the PVN may be relevant to the current results
with SCOP, PIREN, and METHO. For example, the hippocampus contains high densities of
M1 receptors (Levey et al., 1991; Caulfield and Birdsall, 1998; Abrams et al., 2006;
Nathanson, 2008), therefore PIREN may act within the hippocampus to generate increased
ACTH and CORT responses. Hippocampal M1 receptors are largely colocalized with
glutamate NMDA receptors, and activation of these M1 receptors facilitates NMDA receptor
activity (Marino et al., 1998; Aramakis et al., 1999; Ishibashi et al., 2014). Furthermore,
administration of an M1 agonist has been shown to increase NMDA responses in the
hippocampus (Ishibashi et al., 2014; Hoeller et al., 2016).

The hippocampus itself has few direct connections to the PVN but instead sends most
projections to intermediary neurons in the anteriomedial BNST, medial preoptic area,
dorsomedial hypothalamus, and peri-PVN hypothalamus (Whitnall, 1993; Herman et al.,
2005; Smith and Vale, 2006; Ulrich-Lai and Herman, 2009). The majority of these
hippocampal efferents are glutamatergic, and they mostly synapse on GABAergic neurons;
thus, the excitatory outflow from the hippocampus increases the inhibitory outflow from
these intermediary regions. The inhibitory GABAergic neurons then project to the PVN and
decrease the activity of CRH secreting neurons, causing corresponding reductions of ACTH
and CORT (Herman et al., 2005; Verkuyl et al., 2005; Ulrich-Lai and Herman, 2009). The
prominence of this network suggests that M1 muscarinic receptor activation contributes to
the inhibitory effects of the hippocampus on HPA axis activity via NMDA receptors and
intermediary GABAergic neurons.

Applying this to the results of the present study, the selective M1 antagonist PIREN could
have acted to partly block hippocampal M1 receptors, ultimately reducing inhibition of the
HPA axis via intermediary regions, leading to increased ACTH and CORT responses to
PHYSO. In support of this mechanism, PIREN has been shown to block M1 receptor-
mediated enhancement of NMDA receptor activity caused by muscarinic agonists (Aramakis
etal., 1999; Ishibashi et al., 2014). Unfortunately, there is a lack of further evidence
connecting muscarinic regulation of hippocampal NMDA receptors to modulation of HPA
axis activity via the named intermediary regions.

METHO also could have acted within this hippocampus/HPA axis pathway to yield the
observed responses. M2 receptors are highly expressed in the hippocampus and participate
in the regulation of neurotransmitter release (Wang et al., 1989; Levey et al., 1991; Abrams
et al., 2006; Nathanson, 2008). In particular, the presence of M2 receptors has been
demonstrated on presynaptic terminals of glutamatergic hippocampal neurons, and the
activation of these M2 receptors decreases glutamate release (Aura et al., 1997; Smolders et
al., 1997; Li et al., 2007; Wang and Yuan, 2009). Based upon the mechanism described
earlier involving the intermediary connections between the hippocampus and the PVN, the
reduction in glutamate could have decreased GABAergic outflow to the PVN and resulted in
increased HPA axis activity (Whitnall, 1993; Herman et al., 2005; Smith and Vale, 2006;
Ulrich-Lai and Herman, 2009). Administration of METHO in the present study thus may
have decreased M2 autoreceptor activity in the hippocampus, resulting in increased
glutamate release to intermediary regions, increased GABA release to the PVN, and
decreased HPA axis activity.
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Another potential explanation for the results of the present study may involve the ability of
M1 receptors to increase the activity of the endocannabinoid (eCB) system, which can
dampen stress and anxiety (Steiner and Wotjak, 2008; Reich et al., 2009; Wang et al., 2012;
Uchoa et al., 2014). The eCB system acts to reduce the release of either glutamate or GABA
in regions such as the hippocampus and mPFC, and activation of the eCB system typically
suppresses HPA axis activity (Steiner and Wotjak, 2008; Reich et al., 2009; Wang et al.,
2012; Uchoa et al., 2014). M1 receptor activation increases the activity of the eCB system
via colocalization of M1 receptors and cannabinoid receptors (Kim et al., 2002; Ohno-
Shosaku et al., 2003; Steiner and Wotjak, 2008; Zhang et al., 2015; Fogaca et al., 2016).
Consequently, M1 muscarinic receptor activation may decrease HPA axis activity via
increased activity of the inhibitory eCB system in regions such as the hippocampus and
mPFC. PIREN antagonism of M1 receptors may have decreased the activity of the eCB
system, an effect that would have increased HPA axis activity.

Another mechanism that could have contributed to the present results involves the
relationship between M2 receptors and NE release. The M2 subtype predominates in the
pons and medullary regions and is expressed in areas such as the nucleus of the solitary tract
and locus coeruleus (Avissar et al., 1981a; Wang et al., 1989; Levey et al., 1991; Chou et al.,
2002). As stated previously, these brainstem regions send NE projections to the PVN that
stimulate the HPA axis (Assenmacher et al., 1987; Tsagarakis and Grossman, 1990;
Whitnall, 1993; Fu et al., 1997; Rhodes and Rubin, 1999; Ulrich-Lai and Herman, 2009;
Terzioglu et al., 2013). In addition to nicotinic agonists, muscarinic agonists have been
shown to increase the firing of NE neurons in the locus coeruleus via M2 receptors
(Kawahara et al., 1999; Yang et al., 2000). METHO has been shown to block the excitatory
effects of a muscarinic agonist on the firing of NE neurons within the locus coeruleus (Yang
et al., 2000). Given that M2 muscarinic antagonism decreases the brainstem’s excitatory
input to the HPA axis, this mechanism may have contributed to our results demonstrating
reduced HPA responses following METHO pretreatment.

While a combination of these mechanisms may have contributed to the current results, they
do not explain the sex differences that were present in nearly all treatment groups. This
sexual diergism may have resulted from several factors. First, sexual dimorphism exists in
both the size of brain regions that influence the HPA axis and in muscarinic receptor
expression. Regions of the hypothalamus, hippocampus, and BNST are typically larger in
male rats (Whitnall, 1993; Madeira and Lieberman, 1995). Males usually also have a greater
number of muscarinic receptors in the hypothalamus, anterior pituitary, and hippocampus
(Avissar et al., 1981a; 1981b; Rhodes and Rubin, 1999; Rhodes et al., 2008). For these
reasons, the same dose of a muscarinic antagonist could block a proportionally greater
number of receptors in females than in males, causing females to be more responsive to the
drugs.

Second, sex hormones may have modulated the HPA axis (Rhodes and Rubin, 1999;
Figueiredo et al., 2007; Toufexis et al., 2014). Estrogen and androgen receptors are located
in the PVN, pituitary, adrenal medulla, and other modulatory regions such as the
hippocampus (Bangasser and Valentino, 2014; Hu et al., 2016; Wiersielis et al., 2016). In
general, estrogen increases the sensitivity of the HPA axis to stressful stimuli, while
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testosterone blunts HPA axis responses (Rhodes and Rubin, 1999; McCormick et al., 2002;
Pereira et al., 2008; Cruz et al., 2015). Estrogen exerts this effect through multiple
mechanisms, including directly activating PVN CRH neurons and increasing adrenal
sensitivity to ACTH stimulation (Figueiredo et al., 2007; Hu et al., 2016). Estrogen also
decreases the effects of CORT-mediated negative feedback by reducing the expression of
glucocorticoid receptors in the hippocampus and reducing GABAergic inhibition of the PVN
(McCormick et al., 2002; Figueiredo et al., 2007; Pereira et al., 2008; Bangasser and
Valentino, 2014).

Third, muscarinic and estrogen receptors are colocalized in the hippocampus (Hosli and
Hosli, 1999; Cardoso et al., 2010), so estrogen may have had direct influence by altering the
activity of the intermediary connections bridging the hippocampus and PVN. Ovariectomy
increases muscarinic receptor expression in the hippocampus (Cardoso et al., 2004; Pereira
et al., 2008; Cardoso et al., 2010). Estrogen, therefore, may decrease hippocampal
muscarinic receptor activity, which would reduce the ability of the hippocampus to inhibit
the HPA axis by decreasing muscarinic receptor activity, decreasing NMDA activity,
decreasing glutamatergic flow from hippocampal to intermediary regions, and decreasing
GABAergic flow from intermediary regions to the PVN (Aramakis et al., 1999; Herman et
al., 2005; Verkuyl et al., 2005; Ulrich-Lai and Herman, 2009; Ishibashi et al., 2014). This
sequence, involving estrogen effects and decreased muscarinic receptor activity, may have
contributed to the greater responses following PIREN and METHO pretreatment in females
compared to males.

It is unlikely that the increased hormone responses represented non-specific stress-activation
of the HPA axis. The animals were given time to acclimate to the handling and blood
sampling procedures, and there were no significant ACTH responses and minimal CORT
responses to SAL + SAL. If the observed hormone increases were merely the result of non-
specific stress, the females should have had greater responses to all treatments, as female
rats typically exhibit more sensitive stress responses than males (Rhodes and Rubin, 1999;
McCormick et al., 2002; Babb et al., 2013), but, as indicated in the Results section, that was
not the case.

Finally, the sexual diergism in HPA axis responses to nonselective and selective muscarinic
antagonists may have implications to the treatment of psychiatric disorders (Rhodes and
Rubin, 1999; Toufexis et al., 2014; Wiersielis et al., 2016). Depression, anxiety disorders,
and PTSD are over twice as prevalent in women as they are in men (Rhodes and Rubin,
1999; Reich et al., 2009; Guo et al., 2012; Scarr, 2012; Babb et al., 2013; Pisu et al., 2016;
Wiersielis et al., 2016). Acetylcholinesterase inhibitors, as well as stimulating HPA axis
activity, exacerbate symptoms of depression in both rats and humans (Rhodes and Rubin,
1999; Brazhnik et al., 2004; Scarr, 2012; Witkin et al., 2014; Gadek-Michalska et al., 2015;
Jeon et al., 2015). SCOP can alleviate these symptoms, suggesting that muscarinic receptors
could be pharmacological targets for future antidepressants (Scarr, 2012; Witkin et al., 2014;
Jeon et al., 2015). Selective M1 and M2 muscarinic receptor antagonists may show promise
as antidepressants because of their actions in brain areas including the PFC, hippocampus,
and BNST (Guo et al., 2012; Scarr, 2012; Witkin et al., 2014; Jeon et al., 2015). Insights into
the sexually diergic relationship among specific muscarinic receptors and the HPA axis in
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laboratory animals may extend our current understanding of mental disorders such as
depression and anxiety.

5. Conclusions

In summary, the results of the present study using selective muscarinic receptor antagonists
suggest that the overall relationships between muscarinic receptors and PHY SO-stimulated
ACTH and CORT responses of the HPA axis are sexually diergic and dependent upon
receptor subtype: M1 receptors appear to decrease HPA axis activity, while M2 receptors
appear to increase HPA axis activity. Our results are consistent with our prior studies with
PHYSO and SCOP (Rhodes et al., 2001a), while our results with PIREN and METHO
suggest that complex, and perhaps multiple, mechanisms are involved in the HPA hormone
actions of these cholinergic drugs and the receptors they selectively antagonize. This study
offers new insights into the function of M1 and M2 muscarinic receptor subtypes and
highlights the importance of sexual diergism in the physiology of the HPA axis.
Understanding the pharmacological basis of these relevant male-female differences is an
essential step in identifying cholinergic mechanisms underlying psychiatric illnesses and
could play a key role in the development of effective treatments.

Acknowledgments

The technical assistance of R. Kenneth Czambel, Emily E. Belz, Brittany A. Fulton, and Jamilyn S. Kennell is
gratefully acknowledged. Supported by 2004 Department of Health Tobacco Settlement Funds to MER and by NIH
grant MH28380 to RTR.

Abbreviations

ACh acetylcholine
ACTH adrenocorticotropic hormone

ANOVA analysis of variance

AUC area under the curve

BBB blood brain barrier

BNST bed nucleus of the stria terminalis
CNS central nervous system

CORT corticosterone

CRH corticotropin-releasing hormone
eCB endocannabinoid

GABA gamma-aminobutyric acid
HPA hypothalamic-pituitary-adrenal

IP intraperitoneal
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KO knockout
METHO  methoctramine
mPFC medial prefrontal cortex
NE norepinephrine
NMDA N-methyl-D-aspartate
PHYSO physostigmine
PIREN pirenzepine
PVN paraventricular nucleus
SAL saline
SCOP scopolamine
SEM standard error of the mean
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Highlights
. M1 and M2 muscarinic receptors have sexually diergic influences on the HPA
axis
. PIREN increased ACTH and CORT responses to PHYSO in a sex and dose-
dependent manner

. METHO resulted in lower ACTH and CORT responses to PHYSO than did
SCOP and PIREN

. M1 receptors appear to decrease, and M2 receptors appear to increase, HPA
activity

. Our findings may reveal specific muscarinic targets for neuropsychiatric
treatments
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Figure 1. ACTH responses to PHYSO or SAL in Male and Female Rats
Response curves of absolute plasma ACTH (A, B) and corresponding percent changes from

baseline (C, D). Baseline blood samples were collected at =25 min and —15 min to yield an

average baseline at =20 min. Injection of SAL (1 ml/kg) occurred immediately after

Page 25

collection of the =25 min blood sample. Injection of either PHYSO (0.1 mg/kg) or SAL (1
ml/kg) occurred at 0 min. Four additional blood samples were collected at 10 min, 20 min,
40 min, and 60 min. Each bar represents the mean £ SEM. n = 23 to 24 rats for SAL + SAL
groups; n =7 to 8 rats for SAL + PHYSO groups. Females are represented by squares and
males are represented by circles. a, sex difference at indicated dose and time point (p <

0.05); b, vs. baseline (p < 0.05); ¢, vs. SAL + SAL at indicated time point (p < 0.05).
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Figure 2. CORT responses to PHYSO or SAL in Male and Female Rats
Response curves of absolute plasma CORT (A, B) and corresponding percent changes from

baseline (C, D). See Fig. 1 for explanation.
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Figure 3. Effects of SCOP Pretreatment on ACTH in PHYSO-Stimulated Male and Female Rats
Response curves of absolute plasma ACTH (A-D) and corresponding percent changes from

baseline (E, F). Baseline blood samples were collected at —25 min and —15 min to yield an
average baseline at —20 min. Injection of SCOP (0.3 mg/kg) or SAL (1 ml/kg) occurred
immediately after collection of the —25 min blood sample. Injection of either PHYSO (0.1
mg/kg) or SAL (1 ml/kg) occurred at 0 min. Four additional blood samples were collected at
10 min, 20 min, 40 min, and 60 min. Each bar represents the mean £ SEM. n = 23 to 24 rats
for SAL + SAL groups; n = 7 to 8 rats for SAL + PHY SO groups; n =8 to 12 rats for SCOP
pretreatment groups. Females are represented by squares and males are represented by
circles. a, sex difference at indicated dose and time point (p < 0.05); b, vs. baseline (p <
0.05); c, vs. SAL + SAL at indicated time point (p < 0.05); d, vs. SAL + PHYSO at
indicated time point (p < 0.05). * designates that letters apply to both sexes at indicated time
point.
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Figure 4. Effects of SCOP Pretreatment on CORT in PHYSO-Stimulated Male and Female Rats
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Response curves of absolute plasma CORT (A-D) and corresponding percent changes from

baseline (E, F). See Fig. 3 for explanation.
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Figure 5. Dose-Dependent Effects of PIREN Pretreatment on ACTH in PHYSO-Stimulated Male
and Female Rats

Response curves of absolute plasma ACTH (A-F) and corresponding percent changes from
baseline (G, H). Baseline blood samples were collected at —25 min and —15 min to yield an
average baseline at —20 min. Injection of PIREN (10, 30, or 70 mg/kg) or SAL (1 ml/kg)
occurred immediately after collection of the =25 min blood sample. Injection of either
PHYSO (0.1 mg/kg) or SAL (1 ml/kg) occurred at 0 min. Four additional blood samples
were collected at 10 min, 20 min, 40 min, and 60 min. Each bar represents the mean + SEM.
n = 23 to 24 rats for SAL + SAL groups; n = 7 to 8 rats for SAL + PHY SO groups; n = 8 to
13 rats for PIREN pretreatment groups. Females are represented by squares and males are
represented by circles. a, sex difference at indicated dose and time point (p < 0.05); b, vs.
baseline (p < 0.05); ¢, vs. SAL + SAL at indicated time point (p < 0.05); d, vs. SAL +
PHYSO at indicated time point (p < 0.05). * designates that letters apply to both sexes at
indicated time point.
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Figure 6. Dose-Dependent Effects of PIREN Pretreatment on CORT in PHYSO-Stimulated Male

and Female Rats

Response curves of absolute plasma CORT (A-F) and corresponding percent changes from

baseline (G, H). See Fig. 5 for explanation.
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Figure 7. Dose-Dependent Effects of METHO Pretreatment on ACTH in PHYSO-Stimulated
Male and Female Rats

Response curves of absolute plasma ACTH (A-F) and corresponding percent changes from
baseline (G, H). Baseline blood samples were collected at —25 min and —15 min to yield an
average baseline at =20 min. Injection of METHO (0.3, 1, or 3 mg/kg) or SAL (1 ml/kg)
occurred immediately after collection of the =25 min blood sample. Injection of either
PHYSO (0.1 mg/kg) or SAL (1 ml/kg) occurred at 0 min. Four additional blood samples
were collected at 10 min, 20 min, 40 min, and 60 min. Each bar represents the mean + SEM.
n = 23 to 24 rats for SAL + SAL groups; n = 7 to 8 rats for SAL + PHYSO groups; n = 8 to
13 rats for METHO pretreatment groups. Females are represented by squares and males are
represented by circles. a, sex difference at indicated dose and time point (p < 0.05); b, vs.
baseline (p < 0.05); ¢, vs. SAL + SAL at indicated time point (p < 0.05); d, vs. SAL +
PHYSO at indicated time point (p < 0.05).
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Figure 8. Dose-Dependent Effects of METHO Pretreatment on CORT in PHYSO-Stimulated

Male and Female Rats

Response curves of absolute plasma CORT (A-F) and corresponding percent changes from
baseline (G, H). See Fig. 7 for explanation.
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ACTH AUC Responses to PHYSO and SAL Following SCOP, PIREN, METHO, and SAL Pretreatment in

Male and Female Rats ™

Table 1

Treatment Group

Males

ACTH AUC (pg/ml x min)

Females

ACTH AUC (pg/ml x min)

SAL + SAL 144 +191 410+ 126
SAL +PHYSO 1016 + 2684€ 309 + 1754
SCOP 0.3+ PHYSO 6088 + 1052&0{7 4138 + 75456‘0’
SCOP 0.3 + SAL 2132 +587¢ 2130 + 62760
PIREN 10 + PHYSO 1675 + 684€ 2222 + 77764
PIREN 30 + PHYSO 4308 + 995acd 2336 + 10166(,‘0'
PIREN 70 + PHYSO 9025 + 148740 4655 + 14793cd
PIREN 10 + SAL 584 + 320 1268 + 559

METHO 0.3 + PHYSO 1029 + 283€ 689 + 467
METHO 1 + PHYSO 373 £ 450 278 273
METHO 3 + PHYSO 730 + 6144 -333 + 13854

METHO 1 + SAL 312471 247 £ 220

*
AUCs presented as mean + SEM.

asex difference at indicated dose (p < 0.05);

%s. SAL + SAL (p < 0.05);

s, SAL + PHYSO (p < 0.05).
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CORT AUC Responses to PHYSO and SAL Following SCOP, PIREN, METHO, and SAL Pretreatment in

Male and Female Rats ™

Table 2

Males

Treatment Group CORT AUC (ng/ml x min)

Females

CORT AUC (ng/ml x min)

SAL + SAL 2551 + 13559 7174 + 17334
SAL + PHYSO 10710 + 2045¢ 12686 + 3707¢
SCOP 0.3 + PHYSO 12889 + 16964C 22602 + 1773460
SCOP 0.3 + SAL 10336 + 17394€ 19757 + 240746
PIREN 10 + PHYSO 10153 + 13594€ 14678 + 30764C
PIREN 30 + PHYSO 16545 + 1451860 22364 + 37493¢d
PIREN 70 + PHYSO 23502 + 2421460 28444 + 2682460
PIREN 10 + SAL 6878 + 12704 15760 + 366349C
METHO 0.3 + PHYSO 9908 + 2272€ 11132 + 4064
METHO 1 + PHYSO 5898 + 1087 5031 + 21307
METHO 3 + PHYSO 13246 + 17544C 20975 + 26633¢d
METHO 1 + SAL 411 + 174480 11472 + 34242

*

AUCs presented as mean + SEM.
asex difference at indicated dose (p < 0.05);
“s. SAL + SAL (p < 0.05);

%ys. SAL + PHYSO (p < 0.05).
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