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Abstract

The pontine nucleus locus coeruleus (LC) is the primary source of noradrenergic (NE) projections 

to the brain and is important for working memory, attention, and cognitive flexibility. Individuals 

with Down syndrome (DS) develop Alzheimer's disease (AD) with high penetrance and often 

exhibit working memory deficits coupled with degeneration of LC-NE neurons early in the 

progression of AD pathology. Designer receptors exclusively activated by designer drugs 

(DREADDs) are chemogenetic tools that allow targeted manipulation of discrete neuronal 

populations in the brain without the confounds of off-target effects. We utilized male Ts65Dn mice 

(a mouse model for DS), and male normosomic (NS) controls to examine the effects of inhibitory 

DREADDs delivered via an AAV vector under translational control of the synthetic PRS×8, 

dopamine β hydroxylase (DβH) promoter. This chemogenetic tool allowed LC inhibition upon 

administration of the inert DREADD ligand, clozapine-N-oxide (CNO). DREADD-mediated LC 

inhibition impaired performance in a novel object recognition task and reversal learning in a 

spatial task. DREADD-mediated LC inhibition gave rise to an elevation of α-adrenoreceptors both 

in NS and in Ts65Dn mice. Further, microglial markers showed that the inhibitory DREADD 

stimulation led to increased microglial activation in the hippocampus in Ts65Dn but not in NS 

mice. These findings strongly suggest that LC signaling is important for intact memory and 

learning in Ts65Dn mice and disruption of these neurons leads to increased inflammation and 

dysregulation of adrenergic receptors.
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1. Introduction

One of the earliest pathological events in Alzheimer's disease (AD) occurs in the pontine 

nucleus locus coeruleus noradrenergic (LC-NE) neurons where there is an early 

accumulation of neurofibrillary tangles (NFTs) (Bondareff et al., 1982; Mann et al., 1984a; 

Theofilas et al., 2017; Theofilas et al., 2018). A progressive loss of LC neurons ensues, 

leading to a significant decline in NE levels in LC target regions (Chan-Palay, 1991; 

Haglund et al., 2006; Kelly et al., 2017) and compensatory changes in adrenoreceptor (AR) 

levels in terminal fields (Kalaria et al., 1989). Because the LC is prone to early 

neurodegeneration, it may represent a therapeutic target for AD (Mather and Harley, 2016; 

Ehrenberg et al., 2017). DS is the most prevalent intellectual disability and affects more than 

six million people worldwide (Ballard et al., 2016) and 350,000 people in the USA 

(Zigman,2013). Individuals with DS exhibit a higher prevalence of AD at an earlier age than 

the general population (Lai and Williams, 1989; Lai, 1992; Menendez, 2005). In addition, 

neurodegeneration of LC-NE neurons is more severe in people with DS-AD than in the 

general population (Yates et al., 1981; Mann et al., 1984b, a; Reynolds and Godridge, 1985; 

Wisniewski et al., 1985a; Godridge et al., 1987; German et al., 1992), and lower levels of 

NE have been observed in cortical regions by the mid-forties in this population (Yates et al., 

1981; Reynolds and Godridge, 1985; Godridge et al., 1987; Risser et al., 1997). Though LC-

NE degeneration has significant consequences for AD and DS-AD, little is known about the 

mechanisms leading to this decline beyond post mortem observations.

Several groups have demonstrated that similar LC-NE pathology occurs in mouse models of 

DS as well as AD. In the DS mouse model, Ts65Dn, LC-NE neuron loss occurs by six 

months of age (Dierssen et al., 1997; Lockrow et al. 2011; Illouz et al., 2019), along with 

neurodegeneration of hippocampal, and basal forebrain cholinergic neurons (Reeves et al., 

1995; Demas et al., 1996; Escorihuela et al., 1998). Upregulation of β1- and β2-

adrenoreceptors (AR) (Salehi et al., 2009; Fortress et al., 2015) along with increased 

microglial activation (Lockrow et al., 2012) have been observed in Ts65Dn brain and are 

further exacerbated by neurotoxin-mediated ablation of LC-NE neurons (Lockrow et al. 

2011). Importantly, this earlier study by our group demonstrated that the LC-NE plays a 

significant role in microglial activation and pro-inflammatory cytokine levels in the 

hippocampus and frontal cortex. The Feinstein group has shown that in addition to an 

inflammatory surge in the brain, LC-NE lesions also gave rise to increased accumulation of 

amyloid and exacerbated loss of neurons in Alzheimer's disease (AD) mouse models 

(Feinstein et al., 2016) thus, ablation of LC-NE represents an important driver in AD 

pathology. In this study, we were interested in understanding LC function in Ts65Dn mice 

with a focus on early changes in the LC-NE that may lead to a decline in this system rather 

than be a consequence of it. Although mouse brain volume is stable at one month of age, 

maturation remains significant in the first three months, based on recent MRI 
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characterization (Hammelrath, et at., 2016). After three months, myelination increases 

slightly in mice, but this change is minor compared to the first three months of maturation. 

Therefore, to study the adult LC-NE function after maturation and before degeneration, the 

appropriate age period seems to be 3–6 months in Ts65Dn mice.

It is believed that the tonic NE support to microglial cells and endothelial cells in the brain 

prevents inflammatory changes. Chronic NE support, such as administration of an agonist to 

β1-AR (Yi et al., 2017) or the NE precursor L-DOPS (Fortress et al., 2015) in Ts65Dn mice 

was also sufficient to rescue AR compensatory changes and memory impairments in 

Ts65Dn mice. In an AD mouse model, treatment with the β1 adrenergic receptor partial 

agonist Xamoterol prevented memory loss, inflammation and amyloid pathology, strongly 

suggesting a link between NE signaling and inflammation as well as amyloid production 

(Ardestani et al., 2017). Microglial cells express both α- and β-adrenergic receptors and are 

therefore directly affected by the loss of NE tone. Earlier studies by Dierssen et al. 

demonstrated that downstream adrenergic responses were significantly reduced in cortical 

regions in Ts65Dn mice already at four months of age (Dierssen et al., 1996). At this age, 

Dekker et al. recently observed that brain NE levels are normal inTs65Dn mice (Dekker et 

al., 2017). Collectively, these findings suggest that either adrenoreceptor function, NE 

synaptic release, or intrinsic LC activity may be dysfunctional. Therefore, an important aim 

of the current manuscript was to determine whether targeted disruption of the NE activity, 

rather than the actual loss of neurons and neurites, gave rise to similar changes in 

inflammatory markers and adrenergic receptors.

Experimentally clarifying LC function in vivo presents major challenges. In recent years, the 

challenges of isolating the effects of intrinsic LC activity in the rodent brain have been 

overcome by designer receptors exclusively activated by designer drugs (DREADDs), which 

respond to clozapine N-oxide (CNO) administration in vivo (Armbruster et al., 2007; 

McCall et al., 2015; Roth, 2016; Smith et al., 2016; Mahler and Aston-Jones, 2018). By 

placing DREADD expression under the control of synthetic PRS×8 dopamine beta-

hydroxylase (DβH) promoter, our group and others have successfully used this 

chemogenetic tool to control LC-NE activity (Vazey and Aston-Jones, 2014; Fortress et al., 

2015; Kane et al., 2017). In this study, we utilized PRS×8-hM4Di DREADDs to allow 

discrete inhibition of the DβH-expressing neurons of the LC without the confounds of 

neurotoxicity-related neuroinflammation or potential off-target effects from pharmacological 

approaches. During CNO/hM4Di inhibition of LC-NE activity, we explored several indices 

of memory, compensatory responses in AR staining density in target regions, and microglial 

activation associated with LC-NE signaling in mice. We hypothesized that prolonged 

inhibition of the LC when the animals were young would yield changes in memory 

performance and aggravate neuroinflammation that occurs with age in this DS mouse model. 

We also quantified compensatory alterations in adrenergic receptors in response to 

DREADD inhibition.
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2. Materials and methods

2.1. Animal cohorts

Sex differences can significantly affect LC function in regards to stress regulation and 

vulnerability to elevated corticotropin-releasing factor (Bangasser et al., 2016). To focus on 

early LC functions while minimizing known gender bias, we conducted this study in male 

Ts65Dn mice (n = 15) and male littermate normosomic (NS) controls (n = 13) obtained from 

Jackson Laboratories (Bar Harbor, ME). Ts65Dn mice are partially trisomic for a segment of 

murine chromosomes 16 and 17 as described in detail previously (Davisson et al., 1990; 

Hamlett et al., 2016), have normal visual function (Costa et al., 2010) and have been used by 

our laboratory routinely (Granholm, 2000; Hunter et al., 2004; Lockrow et al., 2011; 

Fortress et al., 2015). All mice were single-housed, received food and water ad libitum were 

maintained on a 12-h light/dark cycle and received AAV injections at 12 weeks of age (Fig. 

1). All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the Medical University of South Carolina in accordance with the 

guidelines described in the US National Institutes of Health Guide for the Care and Use of 

Laboratory Animals.

2.2. AAV and construct design

The PRS×8 promoter, a synthetic construct based on the binding motif for the transcription 

factors Phox2a/2b (Hwang et al., 2001), was used to limit the expression of DREADD 

hM4Di to cells that actively transcribe the DβH enzyme (Alexander et al., 2009). This 

hM4Di construct has recently been utilized by others and shown to significantly decrease 

firing rates in LC neurons during CNO administration (McCall et al., 2015). For LC 

inhibition studies, eight NS mice and ten Ts65Dn mice received the AAV-hM4Di construct. 

For sham control studies, the constitutively active cytomegalovirus (CMV)-promoter was 

used to drive expression of GFP in a separate AAV construct injected into groups of Ts65Dn 

and NS mice. For proper sham controls, five NS mice and five Ts65Dn mice received the 

AAV-GFP construct. All vectors were cloned and packaged at the Penn Vector Core 

(University of Pennsylvania, Philadelphia, PA) specifically with AAV2/9 serotype to 

promote efficient transduction of neurons (Aschauer et al., 2013). AAV viral particle 

concentrations were 4.5 × 1012 gc/ml (AAV-PRS×8-hM4Di) and 2 × 1012 gc/ml (AAV-

CMV-GFP).

2.3. Experimental design

At three months of age, all mice were anesthetized with ketamine: xylazine (120 mg/kg: 6 

mg/kg, i.p.) and given a long-acting local anesthetic in the skin overlying the injection site 

(bupivacaine, 1 mg/kg, subcutaneous) prior to surgery. Anesthetized mice were placed in a 

rodent stereotaxic apparatus with a mouse adaptor, and intracranial injections of AAV were 

delivered bilaterally into the pontine LC by a Hamilton syringe at the following stereotaxic 

coordinates: −5.34 mm AP, −2.5 mm DV (from the brain surface), ± 1.0 mm from Bregma 

(Paxinos and Franklin, 2001). Packaged AAV was delivered at a rate of approximately 0.1 μl 

per minute over ten minutes for a total volume of 1.0 μl per injection site. After 

microinjection, the syringe was left in place for 10 min to limit backflow diffusion into the 

injection track. Animals were then sutured, removed from the stereotaxic apparatus, and 
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monitored for a full recovery before returning to disposable cages housed in a BSL2 room. 

Intracranial injections occasionally puncture cerebellar arteries in the brain stem resulting in 

a surgical loss rate of 13% within the procedure. Three weeks of recovery time were allowed 

for healing and DREADD receptor translation as assessed in DβH-expressing LC neurons 

that also stain positive for tyrosine hydroxylase (TH) as outlined in Fig. 1 above.

All behavioral testing was conducted over two weeks at 4 months of age, as outlined in Fig. 

1A above. Mice received intraperitoneal (i.p.) injections of 0.3 mg CNO (Sigma, St. Louis 

MO) in saline per kg of total body weight, or injection of saline alone, 10 min before the 

start of behavioral testing, according to previously published protocols (Alexander et al., 

2009; Fortress et al., 2015). Although CNO can be metabolized to clozapine leading to 

behavioral effects in rodents at higher doses (Manvich et al., 2018), work by our group and 

our collaborators has shown that doses up to 10 mg/kg of CNO does not exert behavioral 

effects (Vazey and Aston-Jones, 2014; Kane et al., 2017) and that the dose of CNO utilized 

herein (0.3 mg/kg) is sufficient to elicited robust effects in AAV-hM4Di-injected but not in 

AAV-GFP injected mice. Mice from all four experimental groups (NS GFP, NS hM4Di, 

Ts65Dn GFP and Ts65Dn hM4Di) received either CNO or saline injections in a randomized 

order. Following dosing, mice were placed in locomotor activity chambers for 1 h (for 

habituation). The following day, all mice were given respective injections again and 

evaluated in a 2-day novel object recognition task (NORT). After a two-day period to ensure 

CNO clearance (Guettier et al., 2009; Fortress et al., 2015), the treatments were switched for 

each mouse followed by a second measure of locomotor activity, habituation and NORT 

memory testing. The following three days, all mice received CNO (0.3 mg/kg) daily and 

were evaluated in a water radial arm maze task (WRAM). After behavioral tasks, all mice 

received CNO (0.3 mg/kg) daily for three days to ensure that each study cohort underwent 

CNO-mediated DREADD activation for six consecutive days.

2.4. Spontaneous locomotor activity

Spontaneous activity was measured using the Digiscan Animal Activity Monitor system, and 

horizontal and vertical activity were collected as described previously (Boger et al., 2006; 

Fortress et al., 2015). Briefly, mice were placed in a darkened testing chamber and allowed 

to move freely through photobeam breaks in the X, Y, and Z axes for one hour. Data were 

analyzed using VersaMAX software version 4.0–137E (Accuscan Instruments, Columbus, 

OH).

2.5. Novel object recognition task (NORT)

The NORT is a working memory task based on familiar and novel object recognition. We 

have previously utilized the NORT in Ts65Dn mice, showing a significant deficit in 

discrimination of novel vs. familiar objects, both after a short and long delay interval 

(Lockrow et al. 2011). On trial day one, mice were placed in the testing arena (40 cm × 40 

cm wide × 30 cm high) for a period of ten minutes with no object for habituation purposes. 

On the next day of testing, mice were placed in the chamber with two identical objects 

placed in the midline equidistant from each other and the walls (approx. 8 cm radial 

clearance). Interactions with both objects were recorded for 15 min with a digital video 

camera mounted overhead. After a 90-min inter-trial delay, mice were placed in the chamber 
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with two objects: a familiar object from the preceding set and a novel object. The same 

procedure was repeated after 24 h, with again one familiar and one novel object introduced 

in the same testing arena. Interactions with both objects were recorded for 15 min. The 

spatial location for the objects remained the same throughout testing. Videos were scored for 

the duration of time spent with each object by a blinded observer. For each study, two 

dependent measures were calculated: the percent time with the novel object and the 

discrimination index (DI) (Lockrow 2011), which represents the net time spent with the 

novel object relative to the total time spent with both objects.

2.6. Water radial arm maze (WRAM)

A water radial arm maze (WRAM) is a non-appetitive task that can be used for testing 

spatial learning and memory even in aged or otherwise compromised mice since water 

motivates escape with nearly 100% completion of the task (Cravens, 1974; Alamed et al., 

2006). The WRAM utilized here was a three-day spatial memory task in which one platform 

in an eight-arm maze was kept in the same position throughout testing using a win-stay 

paradigm. The platform was placed approximately 1 cm below the water surface, as 

previously described (Lockrow et al. 2011). On each day, twelve trials were run as two 

blocks of six trials, with only six mice per trial block, which permitted a short inter-trial 

interval rest (five min). On day three, after spatial memory testing and a resting period of 45 

min, a cognitive flexibility task was implemented by moving the hidden platform to a new 

arm location while extra-maze cues remained unchanged. Perseverance to the original 

platform location and total incorrect arm entries were counted in two blocks with four trials 

each as described above. After one minute, the mice were gently guided to the new platform 

location to reinforce the new position. Errors from four trials were summed into one block 

resulting in comparisons of consecutive blocks for each task (start-mid-end) for spatial 

memory or (start-end) for cognitive flexibility.

2.7. Tissue preparation and immunostaining

After behavioral testing, all mice were euthanized using an overdose of isoflurane. Brains 

were rapidly dissected and then placed into 4% paraformaldehyde for 48 h for immersion 

fixation, then placed into 30% sucrose in PBS for at least 72 h before sectioning at 40 μm on 

a Microm cryostat (Thermo Fisher Scientific Inc., Waltham, MA). Sections containing 

hippocampus, parietal cortex, entorhinal cortex, and the pontine region containing the LC 

were immunostained by DAB as previously described (Fortress et al., 2015).

DREADD/LC colocalization confirmation was performed on 3–4 animals per hM4Di 

cohort. A series of every sixth section was blocked for one hour in 10% normal goat serum 

(NGS)/ 0.25% Triton X-100 in TBS Sections were incubated overnight at room temperature 

with anti-tyrosine hydroxylase (TH) (#P40101–150, dil. 1:1000, Pel-Freeze, Rogers, AR) 

and anti-hemagglutinin (HA1.1) antibodies (#3724, dil. 1:1000, Cell Signaling 

Technologies, Danvers, MA). For adrenoreceptor studies, immunostaining was performed on 

5–7 animals per cohort with sections representing the hippocampus, parietal (PAR) and 

entorhinal (ENT) cortical regions. Since some human AR antibodies have demonstrated 

non-specificity (Hamdani and van der Velden, 2009;Jensen et al., 2009), we utilized 

antibodies that have been developed for mouse ARs and demonstrated to have reactivity to a 
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singular band by membrane (Perez et al., 1993; Pullar et al., 2006; Gilbert et al., 2014). A 

control blocking peptide specific to each AR was also employed to further confirm antibody 

binding specificity. For ARs, sections were incubated overnight at room temperature with 

anti-β1 (#AAR-023, dil. 1:400), anti-β2 (#AAR-016, dil. 1:200), anti-β3 (#AAR-017, dil. 

1:100), anti-α1a (#AAR-015, dil. 1:100), anti-α2a (#AAR-020, dil. 1:200), anti-α2b 

(#AAR-021, dil. 1:100), or anti-α2c (#AAR-021, dil. 1:100) AR antibodies with or without 

blocking peptides at the recommended concentrations (Alomone Labs, Jerusalem, Israel).

For LC morphological characterization, immunostaining was performed on 4–5 animals per 

cohort with sections representing every sixth section of LC was incubated overnight at room 

temperature with anti-TH (or #AB113, dil. 1:100, Abcam, Cambridge, MA). Synapse 

marker immunostaining was performed on 4–5 animals per cohort with matched 

hippocampal sections. Each section was incubated overnight at room temperature with anti-

synapsin (#AB1543, dil. 1:500, Millipore, Burlington, MA). Microglial immunostaining was 

performed on 5–7 animals per cohort. Matched sections from various regions were 

incubated overnight at room temperature with anti-CD45 (#MCA1388, dil. 1:200, Bio-Rad, 

Hercules, CA). After washing, sections were incubated for one hour with secondary 

antibodies directed against the appropriate species that were conjugated with 

tetramethylrhodamine (TRITC), with fluorescein isothiocyanate (FITC, 1:200, Jackson 

Immunoresearch, West Grove, PA) or with biotin. For biotin-conjugated secondary 

antibodies, sections were then incubated with ABC solution for DAB signal amplification 

(Vector, Burlingame, CA) followed by development with DAB (Sigma, St. Louis, MO).

The stained tissues were mounted onto slides, dehydrated, and cover-slipped with ProLong 

Gold Antifade Mountant (Fisher Scientific, Fair Lawn, NJ). All images were captured using 

a Nikon Eclipse 80i microscope (Nikon Instruments, Melville, NY) equipped with a Qcam 

digital camera or with an Olympus confocal laser scanning microscope equipped with 

FlowView FV3000 software (Olympus, Tokyo, Japan) with 16-bit grayscale with 65,000 

shades of grey. For confocal images, the immunofluorescence (IF) intensity in each Z-plane 

stack was summed without further manipulation. Average fluorescence intensity was 

quantified from each region of interest over 3–4 sections for each animal, with background 

subtraction performed on unstained areas of each section. Average fluorescence intensity 

was quantified with freely available FIJI software version 1.52c (Rueden et al., 2017). For 

normalized data, the control NS GFP group average was set at 1.0 and all other data was 

adjusted to that normative value.

3. Statistical analysis

To rule out effects of surgery or stereotactic injections on behavior, we first performed a one-

way ANOVA to test for significant differences between GFP groups that received either 

saline or CNO treatment (controls) and the hM4Di group that received saline treatment 

(inactive). We used Tukey's post hoc analysis to examine statistical patterns that were not 

specified a priori. Under these parameters, we observed no significant differences in either 

NS or Ts65Dn groups for spontaneous activity or NORT (data not shown). Next, we 

performed two-way ANOVAs to test for differences within AAV groups plus/minus CNO 

(Karyotype × Treatment). For the 3-day WRAM task, we performed two-way ANOVAs to 
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test for differences within AAV groups with all receiving CNO (Karyotype × Treatment). 

Tukey's multiple comparisons tests (with multiplicity-adjusted p-values) were used in order 

to examine statistical patterns that were not specified a priori and were reported with an 

acceptable alpha value of p < .05. All correlations were performed using the Pearson 

correlation matrix. All statistics were performed with GraphPad Prism 7.03 (GraphPad 

Software, La Jolla, CA) and graphically presented as mean ± SEM.

4. Results

4.1. LC morphology in Ts65Dn mice at 4 months of age

Immunohistochemical quantification of an abundantly expressed LC-NE marker, tyrosine 

hydroxylase (TH), did not reveal observable alterations in either TH-positive cell bodies or 

neurites in the LC region in Ts65Dn mice compared to age-matched NS mice (n = 5 per 

cohort) at four months of age (Fig. 1B). Quantification of average TH density within the LC 

region confirmed that there were no significant differences in terms of TH staining intensity 

based on a Studenťs t-test between naïve NS and Ts65Dn mice (Fig. 1C, p = .545). This 

observation suggested that differences in terms of behavior resulting from the CNO-

mediated stimulation of DREADDs between NS and Ts65Dn groups would not be due to 

frank loss of LC-NE neurons in the pontine region.

4.2. AAV transduction of hM4Di DREADDs in LC-NE neurons

AAV was packaged with either a GFP construct, under the control of a CMV promoter, or an 

HA-tagged DREADD hM4Di construct, under control of the synthetic Dopamine-β-

Hydroxylase (DβH) promoter PRS×8 to limit transduction of the AAV to DβH expressing 

cells (Fig. 2A). We employed bilateral stereotaxic AAV delivery of AAV directly into the 

LC-NE (Fig. 2B). To confirm AAV transduction success in LC-NE neurons, double labeling 

of the HA1.1-tagged hM4Di receptor and TH was performed (Fig. 2C). 

Immunofluorescence revealed that expression of the HA1.1 tag was observed in the LC 

region in both NS and Ts65Dn mice five weeks post-injection. Co-labeling of HA1.1 and 

TH and cell counting was undertaken to explore target success and revealed that an average 

of 98% of TH-positive cells in the LC also co-stained with the HA1.1 tagged DREADD 

receptor. Sampling was performed in 24 sections both for NS and Ts65Dn groups (n = 3 per 

cohort, the range of co-labeling was 95–100%). The HA-TH double labeling demonstrated 

that AAV transduction of the DREADD receptors in LC-NE neurons was specific to LC-NE 

neurons in both NS and Ts65Dn mice. Thus, no mice had to be excluded due to faulty 

targeting of the AAV vector.

4.3. Spontaneous locomotion

Because hyperactivity has previously been observed in Ts65Dn mice, we examined whether 

hM4Di-mediated LC inhibition had any effects on spontaneous locomotion in an open field 

chamber (Fig. 3A). All groups of Ts65Dn mice exhibited significant hyperactivity, 

regardless of receiving the GFP or DREADD hM4Di constructs and CNO administration 

had no apparent effects on spontaneous locomotion in any group. To confirm these findings, 

we performed a two-way ANOVA with Tukey's post hoc analyses to test for differences 

within AAV groups (Karyotype × Treatment). The main effect was attributable to karyotype 
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alone in both GFP and hM4Di groups. Tukey's post hoc analyses confirmed that CNO 

administration had no significant effect on hyperactivity in either GFP or hM4Di groups, 

indicating that inhibition of the LC has no effect on spontaneous locomotion in young mice 

under our experimental conditions. Since changes in stress or anxiety can affect LC-NE 

modulation of arousal required to sustain attention for behavioral tasks, we also measured 

mean velocity and center time in the open field between NS and Ts65Dn mice, and did not 

observe significant effects from CNO administration or from hM4Di-mediated LC inhibition 

(data not shown), indicating that our LC manipulations do not affect motor ability or percent 

center time at four months of age.

4.4. Novel object recognition task

Using the NORT, we first evaluated if LC inhibition at four months of age could affect 

working memory in NS or Ts65Dn mice when novel objects were introduced at two 

different intervals: 90 min and 24 h. Under saline treatment, NORT performance was 

equivalent regardless of whether the mice received AAV-GFP or AAV-hM4Di injections, 

suggesting that there is no vector delivery impact on mouse behavior (data not shown). We 

observed that Ts65Dn mice already displayed significant object memory deficits in this task 

at this age compared to age-matched NS mice and that CNO administration only affected 

performance in the mice that received the AAV-hM4Di vector. To confirm these findings, we 

performed a two-way ANOVA with Tukey's multiplicity-adjusted post hoc analyses to test 

for differences within AAV groups (Karyotype × Treatment). At both testing intervals (Fig. 

3B–C above), the main effect was attributable to karyotype in all groups and additionally to 

treatment in the hM4Di groups.

At 90 min, Ts65Dn GFP mice had significant object memory deficits compared to NS mice 

(Fig. 3B, left), which occurred after administered of saline (p = .010) or CNO (p = .008). In 

the hM4Di groups (Fig. 3B, right), Ts65Dn mice already had deficits compared to saline-

treated NS mice (p = .003). Compared to saline-treatment, CNO-treatment significantly 

reduced NORT performance in NS mice (p = .005). CNO-treated NS mice were not 

significantly different than saline-treated Ts65Dn mice and CNO-treatment had a marginal 

effect in Ts65Dn mice since NORT performance was already minimal.

At the 24-h interval in the GFP group (Fig. 3C, left), Ts65Dn mice continued to have 

significant object memory deficits compared to the NS mice, regardless of treatment (saline, 

p = .02; CNO, p = .03). hM4Di-mediated LC inhibition (Fig. 3C, right) significantly 

decreased NORT performance for NS mice (p = .003). Though the hM4Di Ts65Dn mice 

already performed significantly worse than NS mice (p = .04), they exhibited reduced 

performance after CNO injections, with a significant reduction in discrimination between the 

two objects (p = .017). Collectively, these findings demonstrated that hM4Di inhibition of 

LC-NE neurons significantly reduced NORT performance, at both short and long-term 

intervals, and that NS mice performed no better than Ts65Dn mice when we inhibited LC 

activity at either 90-min (Fig. 3B, p = .477) or at 24-h (Fig. 3C, p = .239).
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4.5. WRAM cognitive flexibility

The WRAM task has longitudinal training effects, so we tested each control group (GFP NS, 

GFP Ts65Dn) and each experimental group (hM4Di NS, hM4Di Ts65Dn) once with all 

mice receiving CNO dosing daily. All mice, regardless of experimental condition completed 

95% of all swim transits (arm-to-arm) in under 8 s, with no effects of either karyotype or 

treatment on swimming capability (data not shown), though all Ts65Dn mice demonstrated 

increased levels of random stalling (inactivity) in the task. As seen in Fig. 4A, both Ts65Dn 

groups exhibited more errors than both NS groups on all three testing days. Following the 

last trial of the WRAM task, we examined cognitive flexibility in all groups by switching the 

platform to a new location and conducting 8 additional trials. When errors were summed 

over the entire WRAM task (Fig. 4B), Ts65Dn mice made nearly 3-fold more errors than NS 

mice, regardless of AAV vector received (treatment). To confirm these findings, we 

performed a two-way ANOVA with Tukey's multiplicity-adjusted post hoc analyses to test 

for differences within AAV groups (Karyotype × Treatment). The main effect was 

attributable to karyotype, and Ts65Dn performed significantly worse than their NS 

counterparts (GFP, p = .006; hM4Di, p = .002). All mice demonstrated high error rates in 

finding the new hidden platform in the first trial block with variable levels of improvement 

in the second trial block (Fig. 4C). To confirm these findings, we performed a two-way 

ANOVA with Tukey's multiplicity-adjusted post hoc analyses to test for differences ences 

within AAV groups (Karyotype × Treatment) on the final trial block. The main effect was 

attributable to both karyotype and treatment. NS GFP made significantly fewer errors than 

Ts65Dn GFP (p = .002) and hM4Di inhibition of the LC led to a significant increase in 

errors for both NS (p = .042) and Ts65Dn mice (p = .004) when compared to their GFP 

counterparts. Overall, hM4Di inhibition of the LC did not affect spatial memory 

performance but interfered with the ability to rapidly learn and target the new platform 

location after it was moved, demonstrating specific defects of cognitive flexibility caused by 

CNO-mediated LC inhibition.

4.6. TH staining in the LC

To determine whether chronic DREADD stimulation gave rise to alterations in tyrosine 

hydroxylase (TH) expression in the LC nucleus or its proximal neurites, we performed 

immunofluorescence evaluations of TH density in the LC cell body region as well as the 

neurites surrounding the cell body region (Fig. 5). Although there were no observable 

differences between any of the groups in terms of cell body staining (Fig. 5 A and C), the 

fiber density of neurites surrounding the LC was reduced, both as a result of karyotype (NS 

vs. TS) and in terms of treatment (GFP vs. hM4DI). (See Fig. 1.)

In the rostral portions of the LC, statistical evaluation of TH fluorescence intensity revealed 

significant effects of genotype (F (1, 16) = 7.610, p = .0140) and an interaction between 

genotype and treatment (F (1, 16) = 6.935, p = .0181), suggesting that the effects of the 

inhibitory DREADDs exhibited differential effects in NS vs. TS mice (Fig. 5B). In caudal 

portions of LC, TH fiber density appeared to be less affected in TS mice, since only a 

significant effect was observed for treatment (F (1, 16) = 5.038, p = .0393), with no 

significant interaction between genotype and treatment. These data suggest that TH density 

in fibers originating in the LC is affected by DREADD inhibition and may, therefore, 
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influence the expression of, for example, the beta-adrenergic receptors described above. 

Since LC inhibition could also affect synaptic protein expression and alter the regulation of 

neurotransmitter release at the synapse, we examined the density of the synaptic protein 

synapsin in the hippocampal formation. As can be seen in Supplemental Fig. 1, there were 

no observable or statistical differences between the density of synapsin in any of the groups 

or hippocampal regions, suggesting that synapse architecture remained intact following the 

complete twelve day LC inhibition paradigm.

4.7. Adrenoreceptor immunostaining

We hypothesized that hM4Di-mediated LC inhibition in 4-month old mice might lead to AR 

compensatory responses in LC target regions due to decreased NE activity. We quantified 

immuno-fluorescence of parietal, entorhinal and hippocampal regions (Fig. 6A) using 

publicly available annotation (Lein et al., 2007). Overall, α1-AR and α2-AR exhibited 

increased fluorescence intensity in response to hM4Di-mediated LC inhibition. In addition, 

α2c-AR staining density was increased in Ts65Dn mice compared to age-matched NS mice, 

suggesting deficient NE signaling in the DS model at this age. Two-way ANOVAs followed 

by Tukey's post hoc analyses confirmed that hM4Di LC activation resulted in a subtle 

increase of overall α1a-AR staining in NS mice and significant increases in Ts65Dn mice (p 

= .03, Fig. 6B–C). For α2a-AR immunostaining (Fig. 6D), we observed significant increases 

in immunostaining for both NS hM4Di and TS hM4Di mice compared to their GFP 

counterparts (p = .048 and p = .009, respectively). For α2b-AR immunostaining (Fig. 6E), 

we observed significant increases in fluorescence intensity for both NS hM4Di and Ts65Dn 

hM4Di mice (p = .0004 and p < .0001 respectively). For α2c-AR fluorescence intensity 

(Fig. 6F), we observed that the Ts65Dn GFP group had significant elevations in fluorescence 

intensity compared to NS GFP (p = .003) and hM4Di-mediated LC inhibition resulted in 

significant increases in immunostaining for both NS and Ts65Dn mice (p = .0004 and p 

= .03, respectively). The greatest changes in immunostaining for all α-ARs were observed in 

the cortical regions. Cortical regions displayed higher fluorescence intensity while the ENT 

region displayed the most robust changes in immunostaining in cell bodies and surrounding 

cellular dendrites in both Ts65Dn and NS hM4Di groups, as shown in (Supplemental Fig. 

2). For all α—ARs, only marginal effects were observed in the hippocampus for both NS 

and Ts65Dn mice (data not shown). The upregulation in α-ARs strongly suggests that the 

CNO-mediated activation of inhibitory DREADDs gave rise to strongly reduced NE 

signaling in the target regions, leading to an increased compensatory expression of these NE 

receptors.

For β-ARs (Fig. 7), Immunostaining revealed that β1-AR and β2-AR fluorescence 

intensities were increased in the Ts65Dn GFP group, compared to all NS groups and that 

hM4Di LC inhibition significantly decreased staining in only the Ts65Dn group. β3-AR 

staining intensity was equivalent in the GFP groups and significantly increased in response 

to hM4Di inhibition of the LC. To confirm these findings, we performed a two-way ANOVA 

with Tukey's multiplicity-adjusted post hoc analyses to test for differences within AAV 

groups (Karyotype × Treatment). For β1- and β2-AR immunofluorescence (Fig. 7B–D), the 

main effects were attributable to karyotype and treatment with significant interaction since 

the treatment effect was only observed in Ts65Dn. hM4Di inhibition resulted in a significant 
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decrease in β1-AR and β2-AR immunostaining only in Ts65Dn mice (p = .0001 and p 

< .0001, respectively) which was not significantly different than that observed in NS mice. 

However, for β3-AR immunostaining (Fig. 7E) responded to the hM4Di-mediated LC 

inhibition with elevated staining, and the main effects were attributable to treatment alone. 

There was no difference between NS GFP and Ts65Dn GFP groups in β3-AR staining, but 

hM4Di LC inhibition resulted in significant increases in staining in both NS hM4Di and 

Ts65Dn hM4Di groups (p = .006 and p = .02, respectively). We observed changes in 

fluorescence intensity for all β-ARs in the cortical regions, with the greatest effects seen in 

the ENT cortical region (Supplemental Fig. 2).

4.8. CD45 immunostaining

CD45 expression is nearly 2-fold higher in disease-associated microglia in the familial onset 

AD mouse model (Rangaraju et al., 2018) and we have seen similar expression levels in 

Ts65Dn mice previously (Lockrow et al., 2011a, 2011b). Microscopic evaluation of CD45 

immunostaining revealed increased DAB density in activated microglia in the Ts65Dn 

relative to NS mice, and hM4Di LC inhibition further increased staining levels in both NS 

and Ts65Dn mice in the hippocampus (Fig. 8A), parietal (Fig. 8B–C) and frontal (Fig. 7D) 

cortical regions. To confirm these findings, we performed a two-way ANOVA with Tukey's 

post hoc analyses to test for differences within AAV groups (Karyotype × Treatment). The 

main effects were attributable to karyotype and treatment for both frontal and parietal 

cortical regions. In the parietal cortex (Fig. 8D). Tukey's post hoc analyses revealed that 

Ts65Dn GFP mice had significantly greater CD45 density that NS GFP mice (p = .007). 

hM4Di LC inhibition significantly elevated CD45 density. in the Ts65Dn.hM4Di group 

relative to the Ts65Dn GFP group (p = .027). In the frontal cortex, Tukey's post hoc multiple 

comparison tests confirmed that Ts65Dn mice had significantly greater CD45 DAB density 

than NS GFP mice (p = .014, Fig. 8D). The hM4Di cohorts resulted in increased levels of 

CD45 density for both NS (p = .003) and Ts65Dn mice (p = .04), with almost three-fold 

higher density than that observed in the NS GFP mice.

To investigate whether activation of microglia was related to performance in the behavioral 

tasks, we performed Pearson's correlations and determined that CD45 DAB density in the 

frontal cortex region was significantly correlated with the NORT discrimination index 

(negative correlation) at the 24-h interval (r = −0.459, p = .021 and r = −0.548, p = .005, 

respectively, see Fig. 8F). This indicates that the hM4Di Ts65Dn mice which exhibited the 

most elevated CD45 staining performed worse on this working memory task. Moreover, 

CD45 staining in the frontal cortex also positively correlated with overall α1a-(r = 0.743, p 
= .0002), α2a- (r = 0.743, p = .0002), α2b- (r = 0.494, p = .027) and α2c-AR (r = 0.685, p 
= .0009) staining intensities, suggesting a potential role of α-AR expression on activation of 

microglial cells. Altogether, these findings suggest that DREADD inhibition of LC-NE 

exacerbates neuroinflammation as observed by CD45 expression with observations of a 

higher frequency of activated microglia phenotypes in both NS and, to a greater extent, in 

Ts65Dn mice.
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5. Discussion

The findings presented here demonstrate the role of the LC in specific memory domains and 

in resident microglial status in Ts65Dn mice. Correlation studies strongly indicate that 

microglial activation is related to memory loss and to elevations in a-ARs occurring 

following the CNO-mediated DREADD stimulation. In this study, we confirmed that LC 

morphology was equivalent between NS and Ts65Dn mice as evidenced by TH 

immunostaining at 4 months of age (Fig. 1B & Fig. 5), as previously reported by our group 

(Lockrow et al. 2011). NS mice that received AAV-delivery of hM4Di DREADD exhibited 

reduced discrimination in the NORT upon administration of CNO, both at 90-min and 24-h 

inter-trial intervals. Similar observations were made in Ts65Dn mice though less 

pronounced, due to a ceiling effect. Although we did not perform electrophysiological 

recordings of LC-NE firing rates in the current study, the same hM4Di DREADD construct 

has been shown to facilitate tonic neuronal inhibition with 60–85% reduction of spontaneous 

action potentials, using electrophysiological recordings, in neurons found in the ventral 

pallidum (Mahler et al., 2014), in parvalbumin-expressing (Nguyen et al., 2014) or 

glutamatergic neurons (Lopez et al., 2016) found in the hippocampus, and in the principal 

neurons of the basolateral amygdala (Lopez et al., 2016). Further, the strong compensatory 

increase in alpha-adrenoreceptor immunostaining (Fig. 6) observed in both genotypes 

following CNO-hM4Di stimulation provides indirect proof for reduced NE signaling. 

Behavioral deficits from LC inhibition were correlated with alterations in immunostaining of 

ARs and to CD45 expression in microglia but are not attributable to changes in synapse 

architecture given that we observed no changes in synapsin in any cohort examined (Suppl. 

Fig. 1).

It has been unclear from the literature whether direct signaling of LC-NE neurons is 

involved in spatial reference memory in rodents. Collier and collaborators showed that aged 

rats with reduced cortical NE activity exhibited reduced spatial reference learning and 

memory (Collier et al., 2004). This corroborates a previous study from our group, where we 

found that the selective NE neurotoxin, DSP4, significantly aggravated both spatial and 

working memory in Ts65Dn mice, but not in age-matched NS mice. However, it is not clear 

from previous studies whether Ts65Dn mice have early deficits in NE signaling that might 

lead to LC-NE neurodegeneration with age. The reaction to CNO-mediated hM4Di 

activation reported herein demonstrated altered response as well as aggravation of microglial 

activation following hM4Di-mediated LC inhibition. Bilateral lesions of the LC in rats has 

been shown to severely impair spatial memory acquisition in a water maze task (Khakpour-

Taleghani et al., 2009). But, some reports have shown that chemical lesions of the NE 

system do not impair spatial memory in young and unimpaired rodents, suggesting that an 

already sensitized brain may be more susceptible to damage (Langlais et al., 1993; Benloucif 

et al., 1995). In this study, neither spatial reference memory nor spontaneous locomotion 

were affected by hM4Di-mediated inhibition of LC-NE signaling, possibly due to the fact 

that the study was performed in young mice, who did not exhibit LC-NE degeneration and 

do not have chronic LC dysfunction. However, hM4Di LC inhibition reduced cognitive 

flexibility in both NS and Ts65Dn mice in the WRAM during the reversal task suggesting 

that this more specific cognitive task was vulnerable to the reduced LC-NE signaling.
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NORT performance was significantly affected by hM4 LC-inhibition, particularly in NS 

mice. Entorhinal cortical areas provide object-based information and novelty/familiarity 

information for the hippocampus, which is demonstrated clearly upon entorhinal lesion 

(Kinnavane et al., 2016). Here we have demonstrated that, upon LC inhibition, the most 

robust AR responses were quantified in the ENT region (Suppl. Fig. 2) Collectively, this 

result adds to the converging evidence that ENT—hippocampal circuits are critical for 

episodic memory and temporal associative learning that is necessary for the NORT task. The 

significant correlation between α2-AR immunostaining and NORT performance suggested 

that expression levels of adrenoreceptor subtypes may play a role for object memory 

recognition in all mice. All three of the known subtypes of the α2-adrenergic receptor are 

linked to inhibition of adenylyl cyclase activity, which is required for novelty recognition 

(Wang et al., 2011). In radioisotope studies, Dierssen et al. discovered that cyclic adenosine 

monophosphate (cAMP) accumulation upon administration of isoprenaline or forskolin 

(both 10 μM) was significantly reduced in the hippocampus and cerebellar cortex in 5–7 

months of age Ts65Dn mice (Dierssen et al., 1996; Baamonde et al., 2011), providing a 

potential mechanism for the observed alterations reported herein. Here we demonstrate that 

α2c-AR showed increased immunostaining in many cortical regions in Ts65Dn mice even 

without CNO stimulation. Given the profound NORT dysfunction seen in Ts65Dn mice, we 

speculate that overactive synaptic auto-regulatory functions could be playing a role in the 

Ts65Dn behavioral phenotype. Recently, several highly selective α2c-AR antagonists have 

been identified that have been shown to have pro-cognitive actions in animals (Uys et al., 

2017). One α2c-AR antagonist, ORM-12741, is already in clinical development for the 

treatment of cognitive dysfunction and neuropsychiatric symptoms in AD, suggesting a 

potential target for intervention also in people with Down syndrome.

We have previously shown that Ts65Dn mice have increased immunostaining of β1-AR at 

11–13 months compared to age-matched NS mice (Fortress et al., 2015) and that treatment 

with the NE precursor L-DOPS normalized β1-AR expression. At a similar age, Salehi et al. 

also observed significant elevations in β2-AR expression in Ts65Dn mice (Salehi et al., 

2009). Since LC morphology is intact in Ts65Dn mice at 4 months of age, we presumed that 

all AR immunostaining would be similar between NS-GFP and Ts65Dn-GFP mice in 

terminal fields including the hippocampus, parietal and/or entorhinal cortex. Confirming this 

hypothesis, previous radioisotope-enabled studies suggested thatβ-AR levels in the cortex of 

Ts65Dn mice (Dierssen et al., 1997) are not significantly different than levels seen in NS 

mice. Contrary to this hypothesis, we here observed significant elevations in β1-andβ2-AR 

fluorescent immunostaining in LC target regions between Ts65Dn and NS mice at 4 months 

of age. These results may suggest that Ts65Dn mice have an undefined deficit in NE 

function much earlier than previously known and preceding frank degeneration of LC-NE 

neurons. We originally hypothesized that hM4Di inhibition of LC-NE activity would give 

rise to increased AR staining in LC-NE target regions due to depletion of NE, similar to the 

effects seen from the administration of reserpine (Bylund et al., 1981). As expected, staining 

intensity of most adrenoreceptors was increased by hM4Di LC inhibition in cortical regions 

for both NS and Ts65Dn mice as seen from fluorescence intensity quantification in (Fig. 5).

However, unlike β3- and α-ARs, the β1- and β2-ARs were unresponsive in NS mice and 

responded to the hM4Di-mediated LC inhibition with reduced immunostaining in Ts65Dn 
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mice, rather than an increase in staining, as was seen with the other receptor subtypes. 

Interestingly, microglial cells express both β1- and β2-ARs and activation of these receptors 

protects microglia against oligomeric amyloid-beta in tissue culture (Xu et al., 2018). 

Although Ts65Dn mice do not accumulate amyloid pathology (Holtzman et al., 1996), they 

do display age-related elevation of APP and oligomeric amyloid-beta in the hippocampus 

(Hunter et al., 2003; Sansevero et al., 2016). This increased oligomeric amyloid-beta could, 

therefore, be the primary reason why β-AR receptor levels are upregulated in the Ts65Dn 

mouse during normal conditions. However, if these receptors are dysfunctional, as occurs in 

the cessation of NE signaling, a downregulation would instead aggravate amyloid toxicity. 

Analysis of adrenergic receptor expression with quantitative PCR has shown that resting 

microglia primarily express β2 receptors but switch expression to β2A receptors under pro-

inflammatory conditions modeled by LPS treatment (Gyoneva and Traynelis, 2013). This 

switch from beta- to alpha-adrenergic response could explain our findings resulting from the 

CNO-DREADD activation and would support the notion that upregulation of expression of 

alpha-ARs could play a role for the elevated microglial activation which was observed in the 

current study.

We have previously shown that Ts65Dn mice exhibit an age-related progressive increase in 

microglial activation relative to NS mice (Lockrow et al., 2012) coupled with increased 

levels of pro-inflammatory cytokines (IL-1β) — changes which are further exacerbated with 

neurotoxin-mediated lesions of the LC (Lockrow 2011). hM4Di-mediated LC inhibition 

significantly increased CD45 immunostaining in both NS and Ts65Dn groups, thus 

aggravating existing neuroinflammation in the Ts65Dn mice, and concurrent data showing 

elevated alpha receptors suggest an interaction between increased microglial activation and 

adrenergic receptor expression. This finding fits well with clinical studies, showing elevated 

pro-inflammatory cytokines in blood samples from both children and adults with DS (Trotta 

et al., 2011; Cavalcante et al., 2012), as well as in the Ts65Dn mouse model (Fructuoso et 

al., 2018). In this study, all animals received daily injections (for up to 12 days) of CNO 

which was sufficient to accelerate an inflammatory phenotype. Since the LC-NE neurons 

innervate both microglial cells and astrocytes (Kong et al., 2010), depletion of NE signaling 

in target regions leads to an alteration of the inflammatory homeostasis. This has also been 

observed in mouse models of AD (Feinstein et al., 2002; Kalinin et al., 2007; Feinstein et 

al., 2016). It is well known that microglial activation in the brain occurs years before the 

appearance of Aβ plaques in humans with DS (Wisniewski et al., 1985b). The fact that 

CD45 immunostaining correlated with behavioral measures provides further evidence for the 

important role of inflammatory homeostasis in DS.

The findings in the current work add to the understanding of the LC-NE role for 

maintenance of working memory function, neuroin-flammation, and homeostasis in the DS 

brain. Additionally, AAV-delivered DREADDs provide an elegant tool for assessing discrete 

functions of individual neuronal signaling for pathology without the confounds of 

neurotoxicity-related neuroinflammation or potential off-target effects from pharmacological 

approaches. We would like to emphasize that future studies utilizing both male and female 

mice might reveal sex differences not only in general baseline memory impairments for 

Ts65Dn at 4 months of age, but also in gender response to this unique method of LC 

inhibition. This is an important matter as many rodent studies have shown sex differences 
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can affect LC functions in regards to stress regulation and vulnerability to elevated 

corticotrophin-releasing factor (Bangasser et al., 2016). There is an urgency for the 

development of novel therapeutic targets for the increasing number of aging adults with DS 

that have a high prevalence for AD. The current findings provide a more in depth 

understanding of how Trisomy 21 affects the NE transmitter system and future studies will 

be focused on developing novel therapeutic interventions targeting this important transmitter 

system.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

MHPG 3-methoxy-4-hydroxyphenylglycol

AAV Adeno-associated virus

AR Adrenoreceptor

ANOVA Analysis of variance

AD Alzheimer's disease

CNO Clozapine-N-oxide

cAMP Cyclic adenosine monophosphate

CMV Cytomegalovirus

DREADDs Designer receptors exclusively activated by designer drugs

DAB Diaminobenzidine tetrahydrochloride

DβH Dopamine β hydroxylase

DS Down syndrome

ENT Entorhinal

GFP Green fluorescent protein

HA Hemagglutinin

hM4Di Human muscarinic receptor 4 DREADD
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L-DOPS L-Dihydroxyphenylserine

LC-NE Locus coeruleus noradrenergic

NFTs Neurofibrillary tangles

NE Norepinephrine

NS Normosomic

NORT Novel object recognition task

PAR Parietal

SEM Standard error of the mean

TH Tyrosine hydroxylase

WRA Water radial arm maze
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Fig. 1. 
A) Experimental design. Schematic representation of the cross-treatment design employed, 

where CNO or saline was given to a subset of AAV-hM4Di or AAV-GFP control injected 

mice, followed by locomotor and NORT tasks. After a wash-out period of 2 days, the 

treatment paradigms were reversed, and the same behavioral assessments employed. Then 

all mice received CNO and were tested on the WRAM task, including a platform switch on 

the last day. B—C) TH DAB immunostaining in the LC-NE. At four months of age, there 

were no observable morphological differences in terms of TH staining morphology or 

density of LC cells between NS and Ts65Dn mice (Scale bar = 200 μm). Error bars represent 

the mean ± SEM.
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Fig. 2. 
A) Vector construct. Administration of CNO will not elicit a response in the Control GFP 

vector while activating the hM4Di vector results in neuronal inhibition. The HA tag allows 

for IF visualization of the hM4Di receptor in the brain. B) Stereotactic Targeting. Bilateral 

stereotactic injection of viral particles in the LC using optimized coordinates. C) DREADD 

hM4Di/LC-NE Colocalization. TH immunostaining (green), HA staining (red), and overlay 

(yellow) in a representative NS and Ts65Dn mouse. (Scale bar = 250 μm). hM4Di 

transduction efficiency was quantified to be above 95% with 4–5 random sections in 3–4 
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mice per cohort. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 3. 
(A) Spontaneous motor activity. Ts65Dn mice exhibited a significant increase in total 

distance traveled (cm), which was not affected by CNO treatment either in AAV hM4Di or 

AAV GFP injected mice. The main effect was attributable to karyotype alone in GFP (F1,16 

= 24.9, p = .0001) and in hM4Di groups (F1,32 = 25.2, p < .0001). (B) Novel Object 

Recognition (90 min. interval). Ts65Dn mice already had a significant deficit in this task 

compared to NS mice while CNO administration to the NS hM4Di group completely 

abrogated performance. The main effect was attributable to karyotype alone in GFP (F1,14 = 
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29.49, p < .0001) and to both karyotype (F1,34 = 18.25, p = .0001) and treatment (F1,34 = 

9.46, p = .004) in hM4Di groups. (C) Novel Object Recognition (24-h interval). Ts65Dn 

mice already had a significant deficit in this task compared to NS mice while CNO 

administration to the NS hM4Di group significantly reduced performance. The main effect 

was attributable to karyotype alone in GFP (F1,14 = 22.45, p = .0001) and to both karyotype 

(F1,31 = 11.01, p = .002) and treatment (F1,33 = 24.36, p < .0001) in hM4Di groups. For 

both intervals, CNO administration has no effect on any Control GFP cohort. Error bars 

represent the mean ± SEM.
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Fig. 4. 
(A) WRAM Across days. DREADD hM4Di inhibition did not significantly affect spatial 

memory. For each day, all Ts65Dn groups made significantly more errors than their NS 

counterparts in every trial block. After platform switching, all mice demonstrated high error 

rates in finding the new hidden platform in the first trial block with variable levels of 

improvement in the second trial block. (B) Total WRAM errors. Ts65Dn mice performed 

significantly worse than their NS counterparts and LC inhibition did not affect overall 

performance relative to the GFP control cohorts. The main effect was attributable to 

karyotype (F1,23 = 20.37, p = .0002). (C) Cognitive Flexibility. NS GFP made significantly 

fewer errors than Ts65Dn GFP and hM4Di inhibition of the LC led to a significant increase 

in errors for both NS and Ts65Dn mice. The main effects were attributable to karyotype 

(F1,23 = 53.82, p < .0001) and treatment (F1,23 = 22.36, p < .0001). Error bars represent the 

mean ± SEM.
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Fig. 5. 
LC inhibition did not significantly affect TH staining in any cohort when examined by cell 
body density for (A) rostral and (B) caudal, or in LC fibers density for (C) rostral and (D) 
caudal. Examination of the (E) Gross morphology between each cohort demonstrates that 

the LC appears equivalent between all groups. Error bars represent the mean ± SEM.
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Fig. 6. 
α-ARs immunostaining in response to DREADD hM4Di inhibition of the LC. For all α-

ARs, the main effects were attributable to treatment since compensatory receptor 

expressions were seen in (A) Regions examined by α-AR IF. Representative 

immunofluorescence for α1a-AR comparing all cohorts (parietal region) (B). Normalized 

fluorescent intensities for (C) α1a-AR (F1,56 = 9.45, p = .003), (D) α2a-AR (F1,56 = 17.2, 

p = .0001), (E) α2b-AR (F1,44 = 43.91, p < .0001) and (F) α2c-AR (F1,44 = 26.40, p 

< .0001). A significant effect could also be attributed to karyotype in α1a-AR (F1,56 = 8.40, 
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p = .005), and α2c-AR (F1,44 = 17.73, p = .0001). Scale bar = 100 μm. (G) Expression 

levels of α2a-, α2b- and α2c-ARs negatively correlated with 24-h NORT DI performance. 

Error bars represent the mean ± SEM. Dotted lines represented the 95% confidence interval.
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Fig. 7. 
(A) Regions examined by β-AR IF. (B) Representative images that compare β2-AR response 

to DREADD hM4Di inhibition of the LC. β1-and β2-AR are already elevated in Ts65Dn 

mice. For β1-AR (C), the main effects were attributable to karyotype (F1,44 = 22.36, p 

< .0001) and treatment (F1,44 = 14.86, p = .0004) with significant interaction (F1,44 = 8.14, 

p = .007) since the treatment effect was only observed in Ts65Dn hM4Di inhibition of the 

LC normalized on Ts65Dn levels to that observed in NS mice. For β2-AR (D), the main 

effects were attributable to karyotype (F1,53 = 22.31, p < .0001) and treatment (F1,44 = 

14.21, p = .0004) with significant interaction (F1,44 = 14.75, p = .0003). For β3-AR (E) the 

main effects were attributable to treatment (F1,56 = 12.15, p = .001) since hM4Di inhibition 

of the LC resulted in compensatory elevations. The most profound changes of LC inhibition 

were observed in the entorhinal cortical regions for β1-AR (D), β2-AR (E) and β3-AR (E) 

(Scale bar = 100 μm). Error bars represent the mean ± SEM.
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Fig. 8. 
(A) Regions examined. Microglial CD45 immunostaining in response to DREADD hM4Di 

inhibition of the LC. CD45 DAB intensity was already elevated in Ts65Dn mice in the 

frontal cortex (B) and in the hippocampus (C). hM4Di inhibition of the LC significantly 

elevated CD45 levels in the brain for both NS and Ts65Dn mice. In the frontal cortex (D) the 

main effects were attributable to karyotype (F1,21 = 18.06, p = .0004) and treatment (F1,21 

= 24.45, p < .0001). (Scale bar = 250 μm). In the parietal cortex (E), the main effects were 

attributable to karyotype (F1,21 = 37.09, p < .0001) and treatment (F1,21 = 15.11, p 

= .0009). In the hippocampus (E), the main effects were attributable to karyotype alone (F 1, 

20 = 8.7, p = .007). Error bars represent the mean ± SEM. (F) Correlations. CD45 
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expression levels in frontal cortex negatively correlated with 24 h NORT DI performance. 

Dotted lines represented the 95% confidence interval.

Hamlett et al. Page 34

Neurobiol Dis. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Animal cohorts
	AAV and construct design
	Experimental design
	Spontaneous locomotor activity
	Novel object recognition task (NORT)
	Water radial arm maze (WRAM)
	Tissue preparation and immunostaining

	Statistical analysis
	Results
	LC morphology in Ts65Dn mice at 4 months of age
	AAV transduction of hM4Di DREADDs in LC-NE neurons
	Spontaneous locomotion
	Novel object recognition task
	WRAM cognitive flexibility
	TH staining in the LC
	Adrenoreceptor immunostaining
	CD45 immunostaining

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

