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Article 
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Abstract: We investigated whether the functional involvement of α1-adrenergic receptors (α1-AR) in 

the effects induced by antidepressant drugs, desipramine, and milnacipran varies depending on the 

α1-AR subtype. First, using a mouse line with triple knockout (KO) of genes encoding all three α1-

AR subtypes (ABD-KO) and autoradiographic analysis, we demonstrated that the inactivation of α1-

AR did not affect the density of other types of adrenergic receptors, α2- and β-AR in the mouse brain. 

Subsequently, we utilized three mouse knockout lines with selective inactivation of the gene 

encoding a single α1-adrenergic receptor subtype (A-KO, B-KO, and D-KO). We analyzed the impact 

of these mutations on tissue levels of monoaminergic neurotransmitters in the hypothalamus. Next, 

we assessed how a specific mutation affects the long-term effects of desipramine and milnacipran in 

the selected brain regions of male and female mice at various molecular levels: mRNA expression of 

α1-AR subtypes, gene expression profiling, and activation of selected signaling proteins (ERK1/2, 

Akt, GSK3). The main finding is that the inactivation of the α1D subtype modulates at various 

molecular levels the long-term effects of desipramine or milnacipran in a sex-dependent manner. Our 

study revealed the functional diversity between α1-AR subtypes in the molecular mechanisms of 

antidepressants’ drug action. 

Keywords: desipramine; milnacipran; knockout mice; quantitative autoradiography; UHPLC; 

mRNA; DNA microarray; ERK1/2; Akt; GSK3 

 

1. Introduction 

Noradrenaline, the neurotransmitter released from the locus coeruleus neurons of the brain and 

the adrenal gland, typically alongside adrenaline, generally mobilizes the brain and body for action, 

reaching significantly higher levels in stress situations. In the brain, noradrenaline increases arousal 

and alertness, supports wakefulness, enhances memory formation and recall, enables concentration, 

and also increases anxiety and fear, excess of which can lead to anxiety disorders [1–3]. The actions 

of noradrenaline result from the activation of different adrenoceptors widely distributed in the 

central and peripheral nervous systems. These receptors are the seven transmembrane-spanning 

receptors that belong to the sizeable G-protein-coupled receptor (GPCR) superfamily. The adrenergic 

receptors are classified into three subfamilies: 1-adrenoceptors (1-ARs), 2-AR-adrenoceptors (2-

ARs), and -adrenoceptors (-ARs), based on their pharmacological profiles, central coupling to 

signaling pathways and phylogeny [4–6]. Each of these subfamilies consists of three receptor 

subtypes.  
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The 1-AR subfamily was the subject of the present work. When considering the subtypes of 1-

AR, namely 1A-AR, 1B-AR, and 1D-AR, some similarities can be observed among them, but at 

the same time, there are noticeable differences. All three receptor subtypes are coupled to Gq/11 and 

phospholipase C (PLC), which stimulate phosphoinositide hydrolysis to produce two second 

messengers, inositol trisphosphate and diacylglycerol (DAG), followed by increased mobilization of 

intracellular Ca2+and protein kinase C (PKC) activation which can phosphorylate many other types 

of proteins and signals downstream in the signaling cascade. The 1-ARs function as stimulatory 

receptors. However, each subtype is encoded by a separate gene on different chromosomes, has a 

distinct pharmacological profile and amino acid sequence, and is differentially distributed [7–9].  

Although all three subtypes of α1-AR activate the same main signaling pathway, the profiles of 

gene expression changes induced within the cell through their signaling may not always be identical. 

Differences between individual subtypes of α1-ARs were also observed in regulating their activity 

following stimulation by their physiological agonist noradrenaline or synthetic agonistic compounds 

[10–14]. This partly determines the intracellular changes profile after stimulation of specific α1-AR 

subtypes.  

Furthermore, it appears that there are ligand-dependent phosphorylation patterns of α1-ARs 

[11,15], which should be considered when the drug action mechanisms are explored. Ultimately, the 

α1-ARs can signal either through G-protein-dependent or G-protein-independent mechanisms 

involving β-arrestins. The latter act as scaffolds to recruit and activate other second messengers, such 

as extracellular signal-regulated kinases 1/2 (ERK 1/2), p38, and Src [16,17].  

The diverse distribution and functions of α1-AR subtypes in peripheral tissues are relatively 

well characterized, especially in the cardiovascular and urogenital systems [7,18–22]. However, these 

α1-AR subtypes are less explored when considering the central nervous system. While it is known 

that these receptors are expressed in the brain [23], attempts to determine the localization of 

individual α1-AR subtypes have been challenging. In addition to the lack of highly selective ligands 

and specific antibodies, a significant limitation has been the selective permeability of the blood-brain 

barrier, which is often not to be exceeded for many chemical compounds.  

With methodological progress, diverse expression patterns of α1-AR subtypes in the brain have 

been identified through genetic engineering and the construction of transgenic mouse models with 

fluorescently tagged receptors and knockout (KO) mice. Studies using these approaches have shown 

that the α1A and α1B subtypes are widely distributed in brain tissue, with their highest expression 

observed primarily in neurons of structures such as the cerebral cortex, amygdala, hypothalamus, 

and cerebellum [24,25]. In contrast, the α1D subtype exhibits low expression levels in the brain and 

is mainly localized in the cerebral cortex, hippocampus, and specific thalamic nuclei [26]. 

For many years, cerebral α1-adrenoceptors (α1-ARs) have interested researchers in studying 

neurochemical and molecular mechanisms of antidepressant drugs’ action. Tricyclic antidepressants 

are drugs that often interact directly with these receptors; they possess an affinity and can directly 

bind to α1-ARs, which, unfortunately, results in the undesired cardiovascular effects associated with 

these drugs (see [27]). Additionally, the pharmacological target of most antidepressants is the 

reuptake process of catecholamines and serotonin (into neurons), leading to the enhanced 

postsynaptic stimulation of α1-ARs (see [28]). In our previous studies, repeated administration of an 

antidepressant drug, imipramine, at least for three weeks, resulted in increased density of α1-ARs as 

observed in a rat model and affected the mRNA expression of genes encoding α1-AR subtypes in a 

varied manner [29]. These changes suggested the differential involvement of receptor subtypes in the 

mechanism of action of antidepressant drugs.  

While initial hypotheses regarding the etiology of depression linked this disorder to impairment 

of monoaminergic pathways in the brain, the currently most prevalent theory suggests that disrupted 

neuroplasticity underlies depressive disorders [8,28,30]. Imaging and postmortem brain studies in 

depressed human subjects and animal behavioral models of depression have identified several 

different cellular events and intracellular signaling pathways that are modulated by stress and are 

potential mediators of antidepressant action [31]. Considering the numerous changes in intracellular 
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signaling that occur upon stimulation of monoaminergic receptors, including α1-ARs and their 

subtypes, prolonged and frequent stimulation of these receptors can lead to adaptive changes that 

influence neuroplasticity processes.  

Among intracellular signaling pathways implicated in mood disorders are ERK 1/2, the central 

MAPK proteins [32] that were shown to be downregulated in the hippocampus of depressed suicide 

subjects [33]. As our previous studies in the rat model have shown, chronic treatment with 

imipramine increases the level of ERK1 phosphorylation, indicating enhanced activation of ERK1 by 

imipramine [34]. Other intracellular signaling pathways implicated in neuropsychiatric disorders are 

phosphatidylinositol 3-kinase (PI3K)-Akt signaling and the glycogen synthase kinase-3 beta 

(GSK3beta) signaling cascade (see [31,35]) and subtypes of 1-AR were shown to be involved in the 

regulatory mechanisms of these proteins [36–39].  

In the present study, we investigated whether the functional involvement of α1-AR in the effects 

induced by chronic treatment with antidepressant drugs, desipramine (DMI) and milnacipran (MIL), 

varies depending on the α1-AR subtype. The study utilized three mouse knockout lines with selective 

inactivation of the gene encoding a single α1-AR subtype (A-KO, B-KO, and D-KO). We assessed 

whether and how a specific mutation affects the long-term effects of DMI and MIL in the selected 

brain regions of male and female mice at various molecular levels, including mRNA expression of 

α1-AR subtypes, gene expression profiling, and expression and activation of selected signaling 

proteins (ERK1/2, Akt, GSK3).  

2. Results 

2.1. Autoradiographic analyses of the density of 1-AR, 2-AR, and -AR receptors in the brains of triple 

ABD-KO mice  

 The ABD-KO transgenic mouse line was evaluated for the efficiency of mutations affecting 

α1-AR, assessed based on the quantity of [3H]-prazosin binding sites and the impact of mutations on 

other AR subclasses. Quantitative in vitro receptor autoradiography was conducted on male ABD-

KO and WT mice brain sections, examining the distribution and binding site densities of α1-AR, α2-

AR, and β-AR receptors. The analysis was performed on brain sections corresponding to the bregma 

levels of +1.70 mm (Supplementary Figure S1A) and -1.34 mm (Supplementary Figure S1B), selected 

based on literature data and our previous papers describing the adrenergic receptors localization and 

abundance in brains of laboratory rodents, particularly α1-AR, which exhibits high expression in 

several brain regions including the cerebral cortex, hippocampus, and thalamus [40–44]. Quantitative 

autoradiography of all types of adrenergic receptors is shown in Figure 1.  
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Figure 1. The density of α1-adrenergic receptors (α1-AR; [3H]prazosin binding) (A-C), α2-adrenergic receptors 

(α2-AR; [3H]-RX821002 binding) (D-F), and β-adrenergic receptors (β-AR; [3H]CGP12177 binding) (G-I) in 

selected brain structures of wild-type (WT) mice and mice with knockout of all three α1-AR subtypes (ABD-

KO). Left panels (A, D, and G) – the data represent mean specific signal values (fmol/mg of tissue ± SEM) from 

n = 9 sections, analyzed using one-way analysis of variance (ANOVA) and post-hoc Fisher's Least Significant 

Difference (LSD) test. Light gray bars represent WT mice (littermates group), and dark gray bars represent ABD-

KO mutants. Right panels: B-C, E-F, and H-I – examples of autoradiographic images showing the binding of 

radioligands to α1-AR (B-C), and α2-AR (E-F), and β-AR (H-I) in the brains of wild-type mice (WT) and mice 

with knockout of all three α1-AR subtypes (ABD-KO). Abbreviations: IL - infralimbic cortex, PrL - prelimbic 

cortex, Cg - cingulate cortex, M2 - secondary motor cortex, M1 - primary motor cortex, AcbC - accumbens 

nucleus, core, AcbSh – accumbens nucleus, shell, S1 - primary somatosensory cortex, CPu - caudate putamen 

(striatum), HIP - hippocampus, RSG - retrosplenial granular cortex, RSA - retrosplenial agranular cortex, CL - 

centrolateral thalamic nucleus, PC - paracentral thalamic nucleus, MDL - mediodorsal thalamic nucleus, lateral 

part, MDC – mediodorsal thalamic nucleus, central part, MDM - mediodorsal thalamic nucleus, medial part, 

IMD - inter mediodorsal thalamic nucleus, CM - central medial thalamic nucleus. 

In WT mice, the [3H]prazosin α1-AR binding sites were found in the most significant quantity 

in the cerebral cortical regions and thalamic nuclei, with moderate levels in the accumbens nuclei and 

hippocampus (Figure 1A). In turn, the highest densities of α2-AR in mouse brains were found in the 

infralimbic cortex, prelimbic cortex, and thalamic nuclei with lower densities throughout the other 

cortical regions, accumbens, and hippocampus, based on [3H]RX821002 autoradiography (Figure 
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1D). In contrast to the α1-ARs, the β-AR – quantified as [3H]CGP12177 binding sites exhibited a 

similar level in almost all brain regions examined. An exception was observed in the hippocampus, 

where the density of the β-AR was half as low compared to other studied brain regions (Figure 1G).  

In the case of α1-AR density measurements in ABD-KO mice, a signal originating exclusively 

from non-specific background binding was observed (Figure 1B and 1C, lower panels). The absence 

of specific signals in the analyzed brain structures of ABD-KO mice indicates either an absence or 

trace amounts of [3H]-prazosin binding sites, confirming the effectiveness of the mutation-induced 

inactivation of all three subtypes of α1-AR. The bars in Figure 1A depict the α1-AR density level in 

the brains of only WT controls. Significantly, the ABD-KO mutation did not affect the density of α2-

AR (Figure 1D-F) and β-AR (Figure 1G-I), which did not differ from the density of these receptors in 

the examined brain structures of the WT control mice. 

2.2. Neurotransmitters’ and their metabolite levels in the cerebral hypothalamic tissues of genetically modified 

mice  

The characterization of mouse transgenic lines A-KO, B-KO, and D-KO began with investigating 

the impact of mutations on the levels of noradrenaline (NA), dopamine (DA), its metabolites such as 

3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), as well as serotonin (5-HT) 

along with its metabolite 5-hydroxyindoleacetic acid (5-HIAA) in the hypothalamus (HY) of male 

mice. The neurotransmitters’ tissue levels were measured using ultra-high-performance liquid 

chromatography (UHPLC) with coulochemical detection (Figure 2 A-F). Furthermore, the results 

were presented as ratios of metabolite concentrations to their corresponding analytes, allowing 

assessment of the mutation's impact on the quantities of neurotransmitters in the examined tissues 

and their metabolism (turnover) (Figure 2 G, H, I). 

The analyses of the obtained data by use of one-way ANOVA indicated the impact of deletion 

of individual α1A-AR, α1B-AR, or α1D-AR subtypes on the tissue levels of NA (genotype effect F(3, 

26)=4.3404, p=0.01316), DA (genotype effect F(3, 24)=5.3497, p=0.00577), and 5-HT (genotype effect 

F(3, 24)=3.1527, p=0.04335) in the HY of mice (Figure 2A-C). The posthoc analysis showed no 

differences in the levels of neurotransmitters compared to the control group, which consisted of WT 

littermates from respective transgenic breeding lines. However, in the hypothalamus of D-KO mice, 

the levels of NA and DA were significantly lower compared to the B-KO individuals (Figure 2A, B). 

Deleting any of the α1-AR subtypes did not affect the levels of the investigated metabolites in this 

brain structure (Figure 2D – F). However, the mutation impacted the ratio of DOPAC to DA 

concentrations (effect of genotype F(3, 24)=4.5336, p=0.01179) and 5-HIAA to 5-HT concentrations 

(effect of genotype F(3, 23)=5.0017, p=0.00815) (Figure 2G, I). 
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Figure 2. Levels of noradrenaline (NA) (A), dopamine (DA) (B), serotonin (5-HT) (C), 3,4-dihydroxyphenylacetic 

acid (DOPAC) (D), homovanillic acid (HVA) (E), and 5-hydroxy indole acetic acid (5-HIAA) (F), as well as 

turnover of DA (G, H) and 5-HT (I) in the hypothalamus of wild-type (WT) mice and knockout mice with 

selective inactivation of α1A adrenergic receptor (A-KO), α1B adrenergic receptor (B-KO), or α1D adrenergic 

receptor (D-KO). Data represent mean values (pg/mg tissue ± SEM) from n = 7-8, analyzed using one-way 

analysis of variance (ANOVA) and post-hoc Tukey's test for unequal sample sizes (Unequal N HSD). *p < 0.05, 

**p < 0.01. 

2.3. The impact of α1-AR subtype-specific deletions and antidepressant drugs on the mRNA levels of 

remaining α1-AR subtypes 

To obtain a picture of potential compensatory effects that might be caused by the deletion of 

particular α1-AR subtype on other subtypes, we have determined mRNA expression levels of 

individual α1-AR subtypes in the prefrontal cortex (PFC) of male α1A-AR (A-KO), α1B-AR (B-KO) 

and α1D-AR (D-KO) knock-out animals. The quantification was done in animals repeatedly injected 

with saline, DMI, or MIL. The mRNA levels of the ADRA1A, ADRA1B, and ADRA1D genes were 

quantified using the quantitative real-time polymerase chain reaction (qRT-PCR) method. 

The obtained results indicate that in the case of mRNA levels of the gene encoding α1A-AR 

(ADRA1A) and the gene encoding α1B-AR (ADRA1B), deletion of α1D-AR subtype and repeated 

antidepressant drug administration elicit similar effects (Figure 3 A, B). Both α1A-AR and α1B-AR 

subtypes mRNA showed upregulation (α1A-AR, Figure 3A) or a tendency toward upregulation 

(α1B-AR, Figure 3B) in saline-injected D-KO animals, and both DMI and MIL treatments reversed 

this. A two-way analysis of variance (ANOVA) showed that the effect of antidepressant drug alone 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 February 2025 doi:10.20944/preprints202502.1234.v1

https://doi.org/10.20944/preprints202502.1234.v1


 7 of 30 

 

influenced the mRNA levels of these genes (ADRA1A: drug effect F(2, 86)=4.258, p=0.0172; ADRA1B: 

drug effect F(2, 88)=6.212, p=0.0030) as well the mutation in combination with the repeated 

antidepressant drug administration (ADRA1A: interaction effect F(4, 86)=4.713, p=0.0017; ADRA1B: 

interaction effect F(4, 88)=2,870, p=0,0276). In the case of the gene encoding α1D-AR (ADRA1D), it 

was demonstrated that mutation and repeated antidepressant drug administrations did not influence 

its mRNA expression in the PFC (prefrontal cortex) of mice, compared to the control group consisting 

of WT individuals from respective transgenic lines (Figure 3C). 
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Figure 3. Levels of mRNA expression of the ADRA1A (A), ADRA1B (B), and ADRA1D (C) genes in the prefrontal 

cortex of wild-type (WT, grey bars) mice and knockout mice with selective inactivation of α1- adrenergic 

receptor (A-KO, green bars), α1B-adrenergic receptor (B-KO, red bars), or α1D-adrenergic receptor (D-KO, 

violet-blue bars), treated with saline (sal), desipramine (DMI), or milnacipran (MIL). Data represent mean values 

± SEM from n = 5–23, analyzed using two-way analysis of variance (ANOVA) and post-hoc Fisher's Least 

Significant Difference (LSD) test. * p < 0.05, ** p < 0.01, *** p < 0.001. 

2.4. Assessment of the impact of α1-AR subtype deletions and antidepressant drugs on the gene expression 

profile 

 The impact of mutations and repeated administration of DMI or MIL on gene expression 

profiles in the hippocampus (HIP) of A-KO, B-KO, and D-KO mice was investigated using DNA 

microarray technology.  

 

Figure 4. Heat maps illustrating gene expression patterns in the hippocampus of wild-type (WT) mice and 

knockout mice with selective inactivation of the α1A (A-KO), α1B (B-KO), or α1D (D-KO) adrenergic receptors 

(A) alongside WT mice treated with physiological saline (sal), desipramine (DMI), or milnacipran (MIL) (B). The 

Venn diagrams indicate the number of transcripts whose expression changed significantly based on the mouse 

genotype (C) or the administered antidepressant drug (D). The significance threshold was established at p < 0.05 

and fold change > 1.5 (log2). 

Total RNA isolated from male HIP samples was subjected to quality and integrity selection and 

then used as a template for cDNA synthesis via reverse transcription PCR. The resulting cDNA was 

hybridized to the GeneChip Mouse Genome 430A 2.0 microarray (Affymetrix, USA). These arrays 

include over 45,000 oligonucleotide probes that can detect more than 39,000 transcripts, allowing for 

whole-genome expression profiling of the mouse genome. The results underwent bioinformatic 

analysis using the Multiple Experiment Viewer (MeV) to visualize differential gene expression 

following hierarchical clustering (linkage method: average linkage clustering). Finally, the data was 

presented as heat maps illustrating gene expression patterns (Figure 4). 
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 Based on the analysis of the gene expression profiling results, a total of 151 transcripts were 

found to be significantly altered due to the deletion of one of the α1-ARs subtypes. Comparable 

numbers of transcripts were affected by the deletion of α1A-AR or α1D-AR (52 in A-KO, 45 in D-KO), 

while the deletion of α1B-AR resulted in nearly twice as many affected transcripts (83 in B-KO). Some 

significantly regulated transcripts were shared between two of the three transgenic lines. However, 

no transcripts were found to be significantly regulated in both A-KO and B-KO or D-KO mice 

simultaneously (Figure 4 C). Furthermore, analysis of gene expression patterns presented in heat 

maps using clustering methods also indicates a distinct gene expression profile in the hippocampus 

of B-KO mice compared to A-KO and D-KO mice (Figure 4 A).  

 The impact of multiple administrations of antidepressant drugs on gene expression profiles 

in the hippocampus of WT mice was demonstrated for both investigated antidepressants, with a more 

pronounced effect observed with MIL (99 significantly regulated transcripts) compared to DMI (36 

significantly regulated transcripts). Similarly to the mutation effect, a small number of transcripts 

were found to be regulated by both drugs (Figure 4 D). Analysis of gene expression patterns also 

indicates a distinct impact of multiple administrations of DMI and MIL on gene expression profiles 

in the hippocampus of WT mice (Figure 4 B). Additionally, ontological gene analysis was performed 

for transcripts significantly regulated by multiple administrations of MIL, and the results are 

presented in Figure 5. 

 

Figure 5. The transcriptomic analysis results indicate that the transcripts' levels in the hippocampus of wild-type 

mice were significantly altered due to repeated administration of milnacipran. This analysis was subjected to 

ontological evaluation using the Gene Set Enrichment Analysis (GSEA) method [45] and the Panther 

classification system [46]. 

 Due to the markedly more significant effect at the transcriptomic level of multiple 

administrations of MIL compared to DMI, the impact of deleting individual α1-AR subtypes and 

antidepressant drugs action on gene expression profiles in the hippocampus of mice was decided to 

be presented in more detail using the example of MIL results (Figure 6). Analysis of gene expression 

patterns corresponding to transcripts significantly regulated by MIL in WT mice (WT MIL group) 

and WT (WT sal) and A-KO, B-KO, and D-KO mice receiving MIL administrations indicates the 

abolition of drug effects due to deletion of α1D-AR, with these changes not observed in the case of 

α1A-AR or α1B-AR deletions. Furthermore, the gene expression profile in B-KO mice after MIL 

administration is notably similar to the gene expression profile in WT mice after MIL administration, 

suggesting that at the transcriptomic level, the α1B subtype (unlike the α1D subtype) does not 

influence the effects of MIL observed in WT mice compared to WT mice.  
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Figure 6. The heat map of gene expression patterns in the hippocampus of wild-type (WT) mice and knockout 

mice with selective inactivation of α1A-adrenoceptor (A-KO), α1B-adrenoceptor (B-KO), or α1D-adrenoceptor 

(D-KO), treated with either physiological saline (sal) or milnacipran (MIL). 

On the other hand, the deletion of α1A-AR appears to intensify the impact of MIL observed in 

WT MIL animals compared to WT SAL animals, although these changes are not unequivocal. 

2.5. Evaluation of the impact of α1-AR subtypes’ deletions and repeatedly given antidepressant drugs on the 

phosphorylation of selected protein kinases 

 To assess the impact of mutations and repeated administration of DMI or MIL on 

intracellular signaling pathways, the levels of phosphorylation and expression of several proteins 

involved in α1-AR signaling or considered as intracellular targets of antidepressant drug action were 

measured, including ERK1/2, Akt, and GSK-3β. These assessments were conducted using Western 

blot analysis in the hippocampi (HIP) of male and female A-KO, B-KO, and D-KO mice and wild-

type (WT) individuals – the littermates from respective transgenic lines.  

 In male mice, selective deletion of any of the three subtypes (A, B, and D) of the α1-AR 

receptor did not induce changes in the phosphorylation of ERK1 (Figure 7A and 7F) and ERK2 (Figure 

7C – 7H, and 7M) compared to WT animals, except for a slight increase of the ERK1 phosphorylated 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 February 2025 doi:10.20944/preprints202502.1234.v1

https://doi.org/10.20944/preprints202502.1234.v1


 11 of 30 

 

form in D-KO animals (Figure 7K). However, changes were observed following chronic 

administration of antidepressant drugs and were limited to the α1B-AR and the α1D-AR. In B-KO 

mice, both DMI and MIL treatment increased the ERK1 phosphorylation (Figure 7F), and MIL 

increased ERK2 phosphorylation (Figure 7H), [pERK1/ERK1: interaction effect F(1, 25)=6,4607, 

p=0,01760)]. In D-KO mice, the impact of the two drugs varied. Chronic DMI did not induce changes 

in the hippocampus of WT mice; however, it enhanced the phosphorylation of ERK1 and ERK2 in D-

KO individuals (pERK1/ERK1: genotype effect F(1, 27)=12,000, p=0,00179 and pERK2/ERK2: 

genotype effect F(1, 26)=10,780, p=0,00293). In the case of MIL, the opposite effect was observed. The 

drug enhanced the phosphorylation of ERKs in WT mice, but this effect was reduced in D-KO mice 

lacking the α1D-AR receptor (pERK1/ERK1: interaction effect F(1, 24)=4,6700, p=0,04089; 

pERK2/ERK2: interaction effect F(1, 24)=6,6086, p=0,01678) (Figure 7K and 7M). 

 In male mice, selective inactivation of α1A-AR did not affect the expression and 

phosphorylation levels of Akt and GSK-3β compared to WT animals, and multiple administrations 

of antidepressant drugs did not result in changes in the examined proteins (Figure 8A-E). Similarly, 

selective deletion of α1B-AR did not influence the expression levels of Akt and GSK-3β proteins 

(Figure 8F-J); however, chronic administration of MIL increased the phosphorylation of Akt protein 

(manifested as an increased ratio of pAkt/Akt) in B-KO compared to WT mice (interaction effect F(1, 

25) = 4.5793, p = 0.04231) (Figure 8F). The GSK3 activity (pGSK3/GSK3 ratio) was similarly 

enhanced by DMI and MIL administration, and the drugs’ effects were unchanged by B-KO mutation 

(Figure 8H). Selective inactivation of α1D-AR did not affect the expression levels of Akt and GSK-3β 

compared to WT animals, which also remained unchanged following multiple administrations of 

DMI or MIL (Figure 8L and 8N). However, α1D-AR inactivation influenced the phosphorylation of 

Akt and GSK-3β proteins by increasing the ratio of phosphorylated form to total form compared to 

the ratio observed in WT animals. Importantly, for both proteins, multiple administrations of MIL 

resulted in decreased phosphorylation levels in mutants compared to WT animals (p/tAkt: 

interaction effect F(1, 24) = 11.309, p = 0.00258; p/tGSK-3β: interaction effect F(1, 22) = 18.292, p = 

0.00031) (Figure 8K and 8M). On the other hand, repetitive administrations of DMI led to decreased 

phosphorylation levels only for Akt protein in D-KO mutants compared to WT controls (interaction 

effect F(1, 26) = 12.740, p = 0.00142) (Figure 8K).  
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Figure 7. Impact of repeatedly given antidepressant drugs, desipramine (DMI) or milnacipran (MIL), and the 

mutation effect on phosphorylation and protein levels of ERK1 and ERK2 in the hippocampus of male wild-type 

(WT, grey bars) mice and knockout mice with selective inactivation of α1A-adrenoceptor (A-KO, green bars) 

(graphs A-E), α1B-adrenoceptor (B-KO, red bars) (graphs F-J), and α1D-adrenoceptor (D-KO, violet bars) 

(graphs K-O), are presented. Representative immunoblot images are shown for each protein and subtype of the 

receptor tested (E, J, O). CNX – cyclophilin, a housekeeping gene. Data are shown as mean values ± SEM with n 

= 4-8, analyzed using one-way analysis of variance (ANOVA) and Tukey's post-hoc test for unequal group sizes 

(Unequal N HSD). * p < 0.05 vs. WT sal, *** p < 0.001 vs. WT sal, # p < 0.05 vs. KO sal, ## p < 0.01 vs. KO sal, $ p < 

0.05 vs. WT drug. 
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Figure 8. Impact of repeatedly given antidepressant drugs, desipramine (DMI) or milnacipran (MIL), and the 

mutation effect on phosphorylation and protein levels of Akt and GSK-3β in the hippocampus of male wild-type 

(WT) mice and knockout mice with selective inactivation of α1A-adrenoceptor (A-KO) (graphs A-E), α1B-

adrenoceptor (B-KO) (graphs F-J), and α1D-adrenoceptor (D-KO) (graphs K-O), are presented. Data are shown 

as mean values ± SEM with n = 4-8, analyzed using one-way analysis of variance (ANOVA) and Tukey's post-

hoc test for unequal group sizes (Unequal N HSD).* p < 0.05 vs. WT sal, ** p < 0.01 vs. WT sal, *** p < 0.001 vs. WT 

sal, # p < 0.05 vs. KO sal, ## p < 0.01 vs. KO sal, $ p < 0.05 vs. WT drug. Please refer to Figure 7 for the remaining 

descriptions. 

 Analysis of the results in female mice showed that selective inactivation of α1A-AR did not 

affect the expression and phosphorylation levels of ERK1 and ERK2 proteins in the hippocampus 

compared to WT animals, and this lack of effect was sustained even after multiple administrations of 

DMI or MIL (Figure 9). Selective inactivation of α1B-AR did not lead to changes in the 

phosphorylation of ERK1 and ERK2 proteins, but it did affect the levels of their total forms. 

Specifically, the mutation resulted in a decrease in ERK2 expression compared to the WT group, and 
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this effect was mitigated by repeated administration of DMI and reversed by multiple 

administrations of MIL (interaction effect F(1, 25) = 58.117, p = 0.00000) (Figure 9I). A similar effect 

was observed in the expression level of the total form of ERK1 protein, where an increase in its level 

was also noted in α1B-AR knockout mice after multiple administrations of MIL (interaction effect 

F(1, 27) = 7.9829, p = 0.00877) (Figure 9G). In D-KO mutants, a decrease in ERK2 expression compared 

to WT animals was observed, and chronic administrations of DMI or MIL reversed this effect (DMI: 

interaction effect F(1, 26) = 9.6884, p = 0.00447; MIL: interaction effect F(1, 26) = 7.6880, p = 0.01014) 

(Figure 9N). On the other hand, selective inactivation of α1D-AR affected the phosphorylation of 

ERK1 and ERK2 proteins. A decrease in the ratio of phosphorylated form to total form was observed 

in D-KO mice following multiple administrations of DMI (pERK1/ERK1: genotype effect F(1, 27) = 

6.4779, p = 0.01695; p/tERK2: genotype effect F(1, 27) = 7.1601, p = 0.01273) (Figure 9K and 9M). 

 In A-KO female mice, no changes were observed in the expression level of GSK-3β protein 

(Figure 10D); however, a decrease in Akt protein level was noted in mutants after chronic 

administration of MIL (interaction effect F(1, 28) = 6.9259, p = 0.01366) (Figure 10B). The activity of 

Akt and GSK3 (assessed as their pAkt/Akt and pGSK3 ratio, respectively) in A-KO mice were 

affected by MIL administration but in the opposite manner (Figure 10A and 10C). The selective 

inactivation of α1B-AR did not result in changes in the expression levels of Akt and GSK-3β proteins 

or the phosphorylation of GSK-3β compared to WT animals, and these proteins remained unchanged 

following multiple administrations of DMI or MIL (Figure 10G and 10I). However, it should be noted 

that both drugs enhanced the phosphorylation of GSK-3β (pGSK-3β/GSK-3β ratio) in the WT group 

and in animals with the B-KO mutation compared to the groups receiving saline injections (Figure 

10H). Furthermore, for Akt protein, it was observed that multiple administrations of DMI increased 

the ratio of phosphorylated form to total form (pAkt/Akt) in B-KO mice compared to the WT group 

(interaction effect F(1, 25) = 6.2888, p = 0.01901) (Figure 10F).  The inactivation of α1D-AR in female 

mice did not affect the expression levels of Akt and GSK-3β proteins or the phosphorylation of GSK-

3β compared to WT animals, and this remained unchanged following multiple administrations of 

DMI or MIL (Figure 10L-10N). In this case, the only change was noticed in the pAkt/Akt ratio, which 

was affected by treatment with MIL and was similarly decreased in the D-KO and WT groups (Figure 

10K).  
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Figure 9. Phosphorylation and protein levels of ERK1 and ERK2 in the hippocampus of female wild-type (WT) 

mice and knockout mice with selective inactivation of α1A-adrenoceptor (A-KO) (graphs A-E), α1B-

adrenoceptor (B-KO) (graphs F-J), and α1D-adrenoceptor (D-KO) (graphs K-O), and after chronic treatment with 

desipramine (DMI) or milnacipran (MIL). Data are shown as mean values ± SEM with n = 4-8, analyzed using 

one-way analysis of variance (ANOVA) and Tukey's post-hoc test for unequal group sizes (Unequal N HSD). * 

p < 0.05 vs. WT sal, # p < 0.05 vs. KO sal, ## p < 0.01 vs. KO sal, ### p < 0.001 vs. KO sal, $$ p < 0.01 vs. WT lek, $$$ p 

< 0.001 vs. WT drug. Please refer to Figure 7 for the remaining descriptions. 
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Figure 10. Phosphorylation and protein levels of Akt and GSK-3β in the hippocampus of female wild-type (WT) 

mice and knockout mice with selective inactivation of α1A-adrenoceptor (A-KO) (graphs A-E), α1B-

adrenoceptor (B-KO) (graphs F-J), and α1D-adrenoceptor (D-KO) (graphs K-O), and after chronic treatment with 

DMI or MIL. Data are shown as mean values ± SEM with n = 4-8, analyzed using one-way analysis of variance 

(ANOVA) and Tukey's post-hoc test for unequal group sizes (Unequal N HSD). * p < 0.05 vs. WT sal, ** p < 0.01 

vs. WT sal, *** p < 0.001 vs. WT sal, # p < 0.05 vs. KO sal, ## p < 0.01 vs. KO sal, ### p < 0.001 vs. KO sal, $ p < 0.05 vs. 

WT drug. Please refer to Figure 7 for the remaining descriptions. 

3. Discussion 

Although research on the α1-AR subtypes has been ongoing for over three decades, the specific 

functions regulated by individual subtypes in the brain remain poorly explained. Nevertheless, many 

essential processes are controlled by activating the 1-ARs, including behavioral responses [47]. 

These receptors are engaged in neuroplasticity processes, long-term potentiation (LTP), and memory-

related phenomena. In vivo genetic models in research have revealed diverse involvement of α1-AR 

subtypes in cognitive processes [see [8]]. In transgenic mice of the CAM (constitutively active mutant) 

type exhibiting systemic overexpression of the constitutively active α1A subtype (α1A-CAM), 

significantly better performance was observed in behavioral tests assessing learning and spatial 
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memory compared to wild-type mice, and such mutants exhibited antidepressant and anxiolytic 

phenotypes [48,49]. Additionally, an enhancement of long-term potentiation (LTP) in the 

hippocampus was observed in these mice—a brain structure involved in the regulation of 

neurogenesis and characterized by high α1A-AR expression [49]. In the case of mice with systemic 

overexpression of the constitutively active α1B subtype (α1B-CAM), distinct effects are observed. 

These animals develop synucleinopathies, progressive neurodegeneration, and locomotor 

disturbances resembling Parkinsonian symptoms. The phenotype of α1B-CAM mice exhibits many 

similarities to the progression of multiple system atrophy (MSA), particularly in terms of autonomic 

dysfunction, bradycardia, and decreased serum levels of catecholamines and cortisol [50]. However, 

the role of the α1D subtype in the central nervous system appears to be the least understood. 

Nevertheless, the available literature data suggest its involvement in working memory, attention, 

and motor coordination processes [51]. Knockout mice lacking α1D-AR expression (α1D-KO) exhibit 

limitations in exploratory behaviors in the novel environment test [26]. 

 Our study, which investigates the functional involvement of α1-ARs in the effects induced 

by antidepressant drugs, DMI and MIL, takes an innovative approach. We utilized three transgenic 

mouse lines with selective knockout of individual α1-AR subtypes: α1A (A-KO), α1B (B-KO), and 

α1D (D-KO). Before this, we confirmed the efficacy of the mutations using mice with a triple knockout 

of all three α1-AR subtypes (ABD-KO) via autoradiography. This thorough approach ensured the 

accuracy and reliability of our results. In the analyzed brain structures, no specific radioligand 

binding signal to α1-ARs was observed, confirming the effectiveness of the ABD-KO mutation. 

Significantly, the inactivation of α1-ARs did not affect the density of the remaining types of 

adrenergic receptors, the α2-AR and β-AR, which could have impacted the results of the assays 

planned for subsequent stages of the experiment had such an effect occurred. 

 Next, we investigated the impact of A-KO, B-KO, and D-KO mutations on the levels of 

selected neurotransmitters and their metabolites in the hypothalamus tissue. Our study 

demonstrated that the D-KO mutation resulted in a decrease in noradrenaline levels compared to the 

B-KO subtype, where mutation, similarly to the A-KO, did not affect noradrenaline levels in the brain 

structure examined. Although this effect was not statistically significant compared to control animals, 

it suggests a potentially important role of the α1D-AR subtype in noradrenergic transmission in the 

hypothalamus. Furthermore, it may indicate a failure of adaptive mechanisms in the absence of 

functional α1D-AR, possibly related to its unique constitutive activity [52,8]. Interestingly, Konstandi 

et al. [53] demonstrated an increase in noradrenaline levels in the hypothalamus of mice under 

physical stress. One can speculate that the D-KO mutation could potentially impact the functions of 

the hypothalamic-pituitary-adrenal (HPA) axis and reduce the susceptibility of animals to stress.  

 In the second part of our research, we delved into the involvement of α1-ARs in the 

mechanism of molecular effects of two antidepressant drugs, DMI and MIL. This research is of utmost 

importance as it sheds light on the intricate molecular mechanisms underlying the action of these 

drugs. The antidepressant, DMI, as a secondary amine and a systemic metabolite of imipramine, 

exhibits much more potent inhibition of norepinephrine reuptake compared to serotonin, to the 

extent that it could be classified as an NRI (norepinephrine reuptake inhibitor) in this regard [54]. The 

second selected drug, MIL, belongs to the SNRI (serotonin-norepinephrine reuptake inhibitor) group. 

MIL also inhibits the reuptake of both norepinephrine (NA) and serotonin (5-HT); however, unlike 

tricyclic antidepressants (TCA) such as DMI, MIL exhibits feeble receptor-binding activity [55].  

We assessed the mRNA expression levels of individual α1-ARs’subtypes in the prefrontal cortex 

of A-KO, B-KO, D-KO, and WT mice. We found that the knockout of α1A or α1B subtypes did not 

alter ADRA1D mRNA expression. However, the knockout of the α1D subtype led to a statistically 

significant increase in the ADRA1A gene expression and a tendency toward the ADRA1B subtype 

upregulation (in saline-injected D-KO mice), and both DMI and MIL treatments reverted these 

changes. These findings strongly support our hypothesis that the α1D-AR subtype may play a 

particular role in the effects of the investigated antidepressant drugs. Though the ADRA1D gene 

mRNA expression, by itself, was not affected by repeated antidepressant drug administrations, an 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 February 2025 doi:10.20944/preprints202502.1234.v1

https://doi.org/10.20944/preprints202502.1234.v1


 18 of 30 

 

intact α1D-AR was necessary for DMI and MIL-induced changes in the expression of genes encoding 

the remaining subtypes of the α1-ARs, at least in the PFC. Furthermore, we noted that the knockout 

of α1B prevents the DMI-induced increase of the α1A mRNA observed in WT animals, which 

corresponds with the results of our earlier in vitro studies, also highlighting the significant role of the 

α1B subtype in the action of this drug [56].  

 In the next step, gene expression profiling was performed in the hippocampus (HIP) of A-

KO, B-KO, and D-KO mice. The mutation and repeated administration of antidepressant drugs 

moderately affected the gene expression profile, as statistically significant changes were observed in 

a relatively small number of transcripts. Moreover, none of these transcripts were regulated in all 

three transgenic lines, and only a few were regulated in two. Along with the fact that B-KO mice 

exhibited a different gene expression profile compared to A-KO and D-KO mice, this somewhat 

confirms the functional diversity of α1-AR subtypes. An exciting result was obtained when analyzing 

the effects of repeated MIL administration in D-KO animals. Ontological analysis of transcripts 

significantly regulated in the HIP due to MIL treatment revealed their involvement in processes such 

as ceramide biosynthesis, oligodendrocyte differentiation, and glycolipid metabolism. These 

processes are closely interconnected, as ceramides mediate the organization of lipid rafts in the cell 

membrane, which include glycolipids involved in oligodendrocyte differentiation. In neurons, lipid 

rafts play a crucial role in modulating ion channels and neurotransmitter receptors and in 

neurotransmitter release via exocytosis [57]. The involvement of the sphingomyelin signaling 

pathway, in which DAG mediates stimulation of the hydrolysis of sphingomyelin into ceramide, has 

been repeatedly demonstrated in the action of antidepressant drugs [58–62]. Nevertheless, the results 

obtained in the current study add to this knowledge by highlighting another drug, MIL. Furthermore, 

based on the analysis of gene expression patterns corresponding to transcripts significantly regulated 

in HIP of A-KO, B-KO, and D-KO mice following repeated MIL administration, we found that the 

inactivation of α1D-AR abolished the effects of this drug, further highlighting the vital role of this 

α1-AR subtype in the action of MIL. 

The following experiment also showed the involvement of the α1D subtype in the action of MIL. 

In it, we assessed the level of selected protein kinases’ expression and phosphorylation in the same 

brain structure of the same subjects, as described above. Particularly noteworthy are our results 

concerning the GSK-3β protein. This protein kinase has been extensively studied in the context of 

depression, with recent reports suggesting it plays a crucial role in the etiology and pharmacotherapy 

of this disorder [35,63]. Over the past few years, it has been repeatedly shown that both chronic stress 

and antidepressant drugs affect GSK-3β activity in the hippocampus (HIP) [64–67]. Moreover, 

silencing GSK-3β expression in the HIP is sufficient to induce an antidepressant effect in behavioral 

tests on mice subjected to chronic stress [68].  

 GSK-3β is part of many cellular pathways, and its activity can be regulated by various other 

kinases, including Akt and ERK1/2, which inhibit GSK-3β by phosphorylating its serine residue 

(Ser9). Our study demonstrated that the inactivation of α1D-AR resulted in increased 

phosphorylation of GSK-3β and, consequently, its functional inhibition and enhanced 

phosphorylation of Akt, corresponding to the latter's activation, may occur. A rise in the 

phosphorylation of ERK1 and ERK2, and thus their activation, was also noted, although this increase 

was much weaker than the other two kinases. In animal studies, different authors have reported 

changes in GSK-3β, Akt, and ERK protein activity. In chronic stress models, activation of GSK-3β and 

inhibition of Akt and ERK were shown, while following the administration of antidepressant drugs 

from various groups, the inhibition of GSK-3β and activation of Akt and ERKs were observed [69].  

Furthermore, our results show that α1D-AR inactivation attenuated the MIL-induced increase 

in phosphorylation of GSK-3β in the hippocampus, which is consistent with gene expression profiling 

results (this study) showing the importance of an intact α1D-AR for MIL effects. Since GSK-3β 

inhibition is necessary for the antidepressant effect of some drugs [66] and evidence exists that α1A-

AR action may regulate GSK-3β, increasing its phosphorylation, thus inhibiting the kinase activity 

[70], our findings suggest that, in this case, the α1D- and α1A-AR subtypes they can compensate for 
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each other's function depending on the antidepressant drug used. This hypothesis is exciting in light 

of reports indicating GSK-3β’s involvement in the modulation of the α1A-AR function and regulation 

[37].  

The results obtained in the current study also highlight the differences between α1-AR subtypes, 

as the inactivation of α1A-AR or α1B-AR, unlike α1D-AR, did not cause changes in the activity 

(phosphorylation) of the proteins as mentioned earlier. The effect of mutations on MIL-induced 

changes in the activity of the tested kinases was also observed in B-KO animals. Still, they differed 

from those in D-KO animals, manifesting as an increase in Akt activation and ERK1 expression. 

Moreover, these findings emphasize an essential methodological aspect, increasingly discussed in 

the literature concerning the etiology and pharmacotherapy of mental disorders—namely, sex 

differences [71–75]. It turns out in our study that while in male D-KO mice, most of the results 

observed the impact of mutation on the effects of MIL action, in female D-KO mice, the impact of 

mutation was mainly seen in the case of DMI. Furthermore, the profile of changes in protein activity 

in females was also different, as inactivation of α1D-AR did not affect GSK-3β and Akt activation but 

decreased ERK1 and ERK2 activation. Thus, in the hippocampus of female D-KO mice, repeated 

administration of DMI produced the opposite effect compared to repeated MIL administration in the 

same structure in male D-KO mice.  

This represents an entirely new observation regarding sex differences in the effects of DMI, 

contrasting with previously published studies that focused solely on one sex or the impact of a single 

drug administration [76,77]. The only notable exception in the literature is a recent study conducted 

in the hippocampus of rats, which suggests that different molecular mechanisms may be responsible 

for the therapeutic effects of DMI in males and females [78]. As for MIL, the number of reports 

addressing sex differences in its effects is even smaller [79,80], although such differences have been 

demonstrated for other drugs in the SNRI class [81–83]. The latest research using compounds 

affecting noradrenergic transmission suggests that α1-AR may be responsible for the sex differences 

in the noradrenergic modulation of attention and impulsivity [84]. In this context, our study’s 

findings indicate the promising potential of α1-AR subtypes in developing sex-specific 

antidepressant therapies, representing a crucial area for future research and clinical applications.  

4. Materials and Methods 

4.1. Animals 

The study was conducted on male and female knockout mice (KO) targeting α1A (A-KO), α1B 

(B-KO), or α1D (D-KO) adrenergic receptor subtypes. All three lines were kept in the C57Bl6/J 

background as they originated when creating the KO (for a complete description of the genetic 

background, see [85–87]). Wild-type (WT) mice were always the littermates of KO animals from 

breeding each line. Only in the case of the autoradiography analyses of adrenergic receptors, naïve 

mice with knockout of all three α1-AR subtypes (ABD-KO) (a gift from Professors J. C. McGrath and 

C. J. Daly, University of Glasgow) were used. 

4.2. Mice breeding and genotyping  

A-KO, B-KO, and D-KO mice were bred according to standard procedure by crossing 

heterozygous mice of each line. The mice were genotyped by PCR using the following predesigned 

primers:  

A-KO: 

AGCTAACCATTTCAGCAAAGAC  

CAAGATCACCCCAAGTAGAATG  

TAACCGTGCATCTGCCAGTTTG 

B-KO: 

ATTTGTCACGTCCTGCACGAC  

CCTGCAGGTATGAGGTCTGTG 
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CCAAAATGCTCCCAACTCTG 

D-KO: 

CTTTGTTAAGAAGGGTGAGAA CAGAG 

GCTAGGAAGACACCCACTCC 

GACATCCTGAGCGTCACTTTC 

A tail biopsy for genotyping was completed between 21 and 30 days of age. Mice were also re-

genotyped after completed experiments. DNA digestion and genotyping were performed with a 

commercially available kit (AccuStart™ II Mouse Genotyping Kit, QuantaBio/VWR) according to the 

manufacturer’s protocol and as described previously [88]. Male and female mice were kept separately 

with their control (w/t) littermates of the same sex in self-ventilated cages under standard laboratory 

conditions (12 h light/dark cycle, food and water ad libitum). The study followed the guidelines in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol 

for all the behavioral studies and tail biopsy and mouse sacrifice was approved by the Animal Ethical 

Committee at the Maj Institute of Pharmacology, Polish Academy of Sciences (Permit Number: 

1233/2015). The GMO animal colony was maintained with the permission of the Polish Ministry of 

Environment (Permit Numbers: 59/2013, 161/2018). 

4.3. Drugs  

Desipramine HCl (DMI, 20 mg/kg, i.p., Sigma-Aldrich, USA) and Milnacipran HCl (MIL, 30 

mg/kg, i.p., Biosynth Carbosynth, U.K.) were injected once daily for 21 consecutive days. Control 

mice received vehicle injections, precisely a solution of 0.9% NaCl (saline) (Polpharma, Poland). 

4.4. Autoradiography of adrenergic receptors in the brain of WT and ABD-KO mice  

Quantitative autoradiography was carried out as described by [41,43,44]. The male ABD-KO 

(triple KO) and control WT mice were decapitated, and their brains were removed and stored at – 

80C until subsequent processing. Frozen brains were cut in the coronal plane at - 21C, using a 

LEICA Jung CM 3000 cryostat (Leica, Germany), into 12 μm-thick sections. Tissue sections at bregma 

+ 1.70 ± 0.1 mm and – 1.34 ± 0.1 mm, according to Paxinos and Franklin [89], were used. The sections 

were sectioned and thaw-mounted on gelatin-coated glass microscope slides. They were then stored 

at - 80C. Immediately before use, the slide-mounted sections were dried at room temperature. 

4.4.1. [3H]prazosin binding to α1-AR 

For α1-ARs binding, slide-mounted sections were thawed and preincubated for 1 h at room 

temperature in a Krebs-modified buffer (KRBM) pH 7.8, containing 10 mM Na2HPO4, pH 7.8; 119 

mM NaCl, 6 mM KCl, 1.2 mM MgSO4, and 1.3 mM CaCl2. For the 1-adrenoceptor assay, sections 

were further incubated for 1 h in the same buffer containing 0.9 nM [3H]prazosin (Perkin Elmer, USA; 

specific activity 85 Ci/mmol). Adjacent sections were incubated with radioligand plus 10 μM WB4101 

(Sigma-Aldrich, USA) to determine nonspecific binding. Following incubation, sections were rinsed 

twice for 3 sec and four times for 10 min with ice-cold KRBM and dipped briefly into ice-cold water. 

The preparations were then dried in a stream of cold air. 

4.4.2. [3H]RX821002 binding to 2-ARs 

For 2-ARs binding, the slides were pre-incubated (15 min/RT) in 50 mM phosphate buffer, pH 

7.4. Radioligand binding was performed using the same buffer with [3H]RX821002 (specific activity: 

63.8 Ci/mmol; NEN Life Science Products, USA) at a concentration of 0.5 nM and the incubation 

lasted for 20 min. Non-specific binding was determined in the presence of 5 μM RX 821002 (Sigma 

Aldrich, USA). Sections were rinsed twice with ice-cold buffer and once with deionized water at 4C, 

each lasting 1 min. The preparations were then dried in a stream of cold air. 

4.4.3. [3H]CGP121 binding to -ARs 
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For -ARs binding tissue sections were pre-incubated (15 min/RT) in 50 mM Tris-HCl buffer (pH 

7.4) containing 120 mM NaCl and 5 mM KCl. Incubation with the radioligand [3H]CGP12177 (specific 

activity: 37.7 Ci/mmol; NEN Life Science Products, USA) at a concentration of 4 nM was performed 

for 60 min. Propranolol (10 μM; Sigma-Aldrich, USA) was used to determine nonspecific labeling. 

Sections were washed twice for 1 min in 50 mM Tris-HCl buffer (pH 7.4) at 4C. The sections were 

then dried in a stream of cool air. 

4.4.4. Quantitative image analysis of the autoradiographs 

Dried tissue sections were exposed for 10 days to tritium-sensitive screens Fujibas TR2024 

(Fujifilm, Tokyo, Japan) along with [3H]microscales (Amersham, USA) as standard. The images, 

obtained employing a FujiFilm BAS 5000 Phosphorimager, were analyzed using FujiFilm software 

(Image Gauge, Version 3.0) and quantified by computer-generated curves derived from the 

standards. The pixels of images from sections showing nonspecific binding were subtracted from 

those of adjacent sections with total binding. The results are expressed as fmol of bound radioligand 

per mg protein. 

4.5. Measurement of neurotransmitters and their metabolite levels in brain tissue 

The hypothalamic tissue level of noradrenaline (NA), dopamine (DA), its two metabolites 3,4-

dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA), and serotonin (5-HT), with its 

metabolite 5-hydroxyindoleacetic acid (5-HIAA) in the hypothalamus were assessed by ultra-high-

performance liquid chromatography (UHPLC) with coulochemical detection using previously 

described method with minor modifications [90,91]. Samples of the hypothalamus dissected from the 

brain of male mice were homogenized by sonification in 20 volumes (v/w) of ice-cold 0.1 M perchloric 

acid (HClO4). Homogenates were centrifuged at 15,000 g for 15 min at 4°C. The obtained 

supernatants transferred to new Eppendorf tubes were centrifuged at 15,000 g for 5 min at 4°C and 

were filtered through a 0.2-μm membrane filter. The final samples were stored at 80℃ until further 

analysis. Subsequently, 10 μl aliquots were injected into the UHPLC Ultimate 3000 system Dionex 

(Thermo Scientific, Germering, Germany). The system used consisted of an ECD-3000RS 

electrochemical detector, 6011RS ultra coulometric analytical cell, WPS-3000RS autosampler, and a 

Hypersil Gold analytical column 3 μm, 100 x 3 mm (Thermo Scientific, Waltham, MA, USA). 

Neurotransmitters and their metabolites were eluted using the mobile phase, which included: 

KH2PO4 (0.1 M), EDTA (0.5 mM), sodium 1-octane sulfonate (80 mg/l), methanol (4%), adjusted to 

pH = 4.0 with 85% H3PO4, at the flow rate 0.6 ml/min and the column temperature of 300C. The 

potentials of coulometric cells were: E1= −50 mV, E2= +350 mV [91]. The identification and 

quantification of the chromatographic peaks were made by comparison with the reference standard 

peaks: NA, DA, 5-HT, DOPAC, and 5-HIAA (Sigma) at concentrations of 50 ng/ml and HVA (Sigma) 

at a concentration of 100 ng/ml [90]. The data was analyzed and processed using Chromoleon 7 

software (Thermo Scientific, Waltham, MA, USA) [91]. The limit of detection of noradrenaline, 

dopamine, DOPAC, HVA, and 5-HIAA was 0.5 pg/10 μL, and serotonin was 1 pg/10 μL. 

4.6. RNA isolation and gene expression analysis  

Prefrontal cortex brain tissue was stored in RNAlater stabilizing solution (Thermo Scientific, 

AM7021, Waltham, MA, USA) at -20C. Tissue was homogenized with TissueLyser II apparatus 

(Qiagene, Hilden, Germany) in Lysis Buffer provided as part of the RNeasy Mini kit (Qiagene, #74106, 

Hilden, Germany), which was used to isolate RNA, according to manufacturer’s instructions. 

Absorbance measurements determined the quantity and quality of RNA at 260/280 nm on 

NanoPhotometer (Implen, Munchen, Germany).  

Reverse transcription was performed with a High Capacity cDNA Reverse Transcription Kit 

(Thermo Scientific, #4374966, Waltham, MA, USA) utilizing random primers and 1.5μg of RNA per 

reaction in 15μL volume. Reaction conditions were 25°C for 10min, 37°C for 120 min, and 85°C for 5 
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min. Gene expression analysis of adrenergic receptors was done by quantitative real-time polymerase 

chain reaction (qPCR) utilizing SYBR Green chemistry. Reaction was carried in 96 well plates 

(MicroAmp® Fast Optical 96-Well Reaction Plate, 0.1 mL, Thermo Scientific, #4346907, Waltham, 

MA, USA). In each well, there was a total of 10μL reaction volume, containing 20ng cDNA template 

(assuming 1:1 reverse transcription efficiency), 5 μL of RT HS-PCR Mix SYBR A master mix (AA 

biotechnology, #2017-100A, Gdansk, Poland) and appropriate primers (see Supplementary Table S1). 

Each reaction was done in triplicate on the QuantStudio 12 Flex (Thermo Scientific, Waltham, MA, 

USA) in the following conditions: 1 cycle at 50°C for 2 min, one cycle at 95°C for 5 min followed by 

40 cycles of: 95°C for 15s, 60°C for 30s, 72C for 30s each. The threshold value (Ct) was automatically 

determined by QuantStudio Felx software, and expression levels were calculated using the standard 

curve method. Phosphoglycerate kinase 1 (PGK1) and hypoxanthine-guanine 

phosphoribosyltransferase (HPRT) were reference genes. 

4.7. Gene expression profiling  

Gene expression analysis was performed in the hippocampus of male control (WT), A-KO, B-

KO, and D-KO mice aged approx. 12 weeks. Brain structures were dissected and preserved 

immediately in stabilization reagent RNAlater (ThermoFisher Scientific, MA, USA). Total RNA was 

isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) strictly per the manufacturer's 

protocol. RNA integrity from all samples was spectrophotometrically assessed following quality 

control performed with Bioanalyzer 2100 (Agilent Technologies, CA, USA). Only the samples 

fulfilling the best quality criteria based on RIN number values (RIN > 8.0) were qualified for 

microarrays. RNA was reverse transcribed, and cDNA representing a single animal was hybridized 

to a GeneChip Mouse Genome 430A 2.0 array (Affymetrix) for a total of 14 arrays. Array data analysis 

was performed as described before [92]. Briefly, raw data were normalized and expression values 

were computed using affy and gcrma packages from R/Bioconductor [93]. Statistical analysis was 

performed vs the control untreated group (control_veh) separately for drug and mutation effect to 

dissect the effects of the evaluated pharmaceuticals (MIL, DMI) or the effects of the mutation (1-AR 

subtype deletion) itself. Ontology analyses were carried out using Gene Set Enrichment Analysis 

(GSEA) [45] and the Panther Classification System [46]. MultiExperiment Viewer (MeV ver. 4.81 for 

Mac OS) was utilized to identify patterns of gene expression and data visualization (heat maps 

presented in the paper). The raw microarray data are stored in the GEO database 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE272818). 

4.8. Western blot analyses of protein levels 

Protein extraction, sample denaturation, and western blot procedure were based on the protocol 

described elsewhere [94]. Briefly, radioimmunoprecipitation assay (RIPA) buffer (MilliporeSigma, 

Burlington, MA, USA) was served for total protein extraction. Equal amounts of protein extracts were 

boiled in Laemmli buffer containing 1% 2-mercaptoethanol for 5 min. Denatured samples were run 

on SDS-PAGE gels and then transferred to nitrocellulose membranes. Membranes were then blocked 

with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST; pH = 7.6) for 1 h at room 

temperature and incubated with specific primary antibodies. After overnight incubation at 4°C with 

primary antibodies and three washes with blocking solution, the membranes were incubated with 

appropriate secondary antibodies for 1 h at room temperature, followed by three washes with TBST. 

Antibody binding was detected using a Clarity Western ECL Substrate (Bio-Rad, Hercules, 

California, USA). Equal loading proteins were further confirmed by probing with anti-calnexin 

antiserum (1:1000; ADI-SPA-865-F, Enzo Life Sciences, Farmingdale, NY, USA). The following 

antibodies were used in the experiment: pERK1/2 (1:2000, cat. sc-7383, Santa Cruz Biotechnology, 

Dallas, TX, USA); ERK1/2 (1:2000, cat. sc-93, Santa Cruz Biotechnology, Dallas, TX, USA); p(S473)Akt 

(1:2500, cat.4060, Cell Signaling Technology, Danvers, MA, USA); Akt (1:3000, cat. 9272, Cell 

Signaling Technology, Danvers, MA, USA); p(S21/9)GSK-3α/β (1:1000, cat. 9331, Cell Signaling 

Technology, Danvers, MA, USA); GSK-3α/β (1:1000, cat. 5676, Cell Signaling Technology, Danvers, 
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MA, USA). All western blot analyses were performed at least twice to confirm the results. The 

chemiluminescence of specific signals was visualized with the PXi4 (Syngene, Cambridge, UK), and 

the immunoreactive bands were quantified by an image analyzer (MultiGauge V3.0, Fujifilm, Tokyo, 

Japan). Original blot images for results presented in the manuscript are shown in Supplementary 

Figure S2. 

5. Conclusions 

The results of this study demonstrated at different molecular levels that the inactivation of the 

α1D-AR subtype in mice modulates the effects of chronic treatments with DMI or MIL in a sex-

dependent manner. Together with the possible mutual compensation of α1D—and α1A-AR, these 

findings highlight the functional diversity between α1-AR subtypes in antidepressants’ drug action 

and their potential implications for developing sex-specific antidepressant therapies. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1: These brain areas were considered in the autoradiographic analyses of the 

adrenergic receptors’ density; Figure S2: Original Blot Images for results presented in the manuscript; Table S1: 

The sequences of primers used in the qRT-PCR procedure. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

α1-AR α1-adrenergic receptors 

Akt Akt kinase, also known as protein kinase B (PKB) 

CAM constitutively active mutant 
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DA dopamine 

DAG diacylglycerol 

DMI desipramine 

DOPAC 3,4-dihydroxyphenylacetic acid 

ERK1/2 extracellular signal-regulated kinases 1/2 

GPCR G-protein-coupled receptor 

GSK3 Glycogen synthase kinase-3 beta 

5-HIAA 5-hydroxy indole acetic acid 

HIP hippocampus 

HPA hypothalamic-pituitary-adrenal axis 

HPRT hypoxanthine-guanine phosphoribosyltransferase 

5-HT serotonin 

HVA homovanillic acid 

HY hypothalamus 

LTP long-term potentiation 

MDPI Multidisciplinary Digital Publishing Institute 

MIL milnacipran 

MSA multiple system atrophy 

NA noradrenaline 

NRI norepinephrine reuptake inhibitor 

PFC prefrontal cortex 

PGK1 phosphoglycerate kinase 1 

PI3K phosphatidylinositol 3-kinase 

PKC protein kinase C 

PLC phospholipase C 

SNRI serotonin and norepinephrine reuptake inhibitors 

TCA tricyclic antidepressants 

UHPLC ultra-high-performance liquid chromatography 

WT wild-type 
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