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Abstract

Brain extracellular space (ECS) is an interconnected channel that allows diffusion-mediated 

transport of signaling molecules, metabolites, and drugs. We tested the hypothesis that β-

adrenergic receptor (βAR) activation impacts extracellular diffusion-mediated transport of 

molecules through alterations in the morphology of astrocytes. Two structural parameters of ECS - 

volume fraction and tortuosity - govern extracellular diffusion. Volume fraction (α) is the volume 

of ECS relative to the total tissue volume. Tortuosity (λ) is a measure of the hindrance that 

molecules experience in the ECS, compared to a free medium. The Real-Time Iontophoretic (RTI) 

method revealed that treatment of acutely prepared visual cortical slices of adult female rats with a 

βAR agonist, DL-isoproterenol (ISO), decreases α significantly, from 0.22 ± 0.03 (mean ± SD) for 

controls without agonist to 0.18 ± 0.03 with ISO, without altering λ (control: 1.64 ± 0.04; ISO: 

1.63 ± 0.04). Electron microscopy revealed that the ISO treatment significantly increased the 

cytoplasmic area of astrocytic distal endings per unit area of neuropil by 54%. These findings 

show that norepinephrine decreases α, in part, through an increase in astrocytic volume following 

βAR activation. Norepinephrine is recognized to be released within the brain during the awake 

state and increase neurons’ signal-to-noise ratio through modulation of neurons’ biophysical 

properties. Our findings uncover a new mechanism for noradrenergic modulation of neuronal 
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signals. Through astrocytic activation leading to a reduction of α, noradrenergic modulation 

increases extracellular concentration of neurotransmitters and neuromodulators, thereby 

facilitating neuronal interactions, especially during wakefulness.

Graphical Abstract

The authors show, for the first time, that isoproterenol (ISO)-mediated reduction of extracellular 

space (ECS) volume in the visual cortex is through activation of β–adrenergic receptors (βAR). 

This reduction of ECS volume is in part due to expansion of distal astrocytic processes (ISO). This 

study implies that βAR-induced shrinkage of ECS increases the concentration of neuroactive 

substances, thereby impacting neuronal communication, neuron-glia interactions, and processing 

of sensory information in the visual cortex during global release of norepinephrine.
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INTRODUCTION

Astrocytic morphology is remarkably complex. The few major processes that they have 

branch repeatedly and extend into fine thread-like non-overlapping processes. These fine 

processes ensheath dendritic shafts and spines, somata, and axon terminals of neurons, 

constitute glial limitans, and form glial end-feet that contribute to the blood-brain barrier 

(Kosaka and Hama, 1986; Grosche et al., 1999). These astrocytic processes also contribute 

to the geometry and diffusion properties of the ECS (Sykova and Nicholson, 2008; Xiao et 

al., 2015).

Astrocytic morphology changes in response to various stimuli, including an enriched 

environment, enhanced sensory activation, learning, and reproductive states (Theodosis et 

al., 2008). Altered astrocytic morphology, in turn, influences extracellular homeostasis, 

intercellular signaling, and neuronal activity. In the hypothalamus, astrocytic structural 

plasticity facilitates the release of hormones by adjacent neurons (Hatton, 1997) and 

enhances diffusion-based extracellular signaling, along with inter-synaptic crosstalk (Piet et 

al., 2004).
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The major noradrenergic input to cortex arises from the locus coeruleus (LC) (Foote et al., 

1983). LC-noradrenergic activity plays a causal role in cortical arousal, and is also important 

for regulating stress and cognitive functions (Berridge and Waterhouse, 2003). Studies in 

cultures have shown that the morphological alteration of astrocytic processes is often 

induced by noradrenergic signals (Shain et al., 1987; Bicknell et al., 1989). However, very 

little is known about plasticity of astrocytic morphology in intact 3-dimentional (3D) cortical 

tissue, such as the visual cortex, where Aoki (1992) reported a rich expression of astrocytic 

βAR, exceeding the levels found in neurons (Aoki, 1992; Aoki, 1997). Moreover, no single 

study has yet combined analysis of astrocyte morphology with the analysis of the geometry 

and diffusion properties of the ECS to determine whether these components are functionally 

linked during βAR activation. In this study, we utilized a selective β-adrenergic agonist, ISO, 

to analyze its effect on ECS structural parameters of acutely prepared slices of adult rat 

visual cortex and followed this with morphological analysis of astrocytic processes.

Two macroscopic parameters of ECS structure, volume fraction and tortuosity, govern 

extracellular diffusion and shape the spatiotemporal distribution of substances diffusing in 

the ECS. Volume fraction is the proportion of tissue volume occupied by ECS (α = VECS/

Vtissue). Tortuosity is the hindrance imposed on diffusing molecules by the tissue compared 

to an obstacle-free medium (λ = (D/D*)1/2 where D is a free diffusion coefficient and D* is 

an effective diffusion coefficient, cm2s−1). The concentration of a diffusing substance is 

primarily influenced by volume fraction while tortuosity imposes delays in the movement of 

molecules. Both parameters of the ECS structure affect chemical signaling among neurons 

and glia. In a healthy isotropic brain region in anesthetized animals and in brain slices, α is 

about 0.2 and λ is about 1.6 (Nicholson, 2001; Sykova and Nicholson, 2008). The first study 

of ECS parameters in vivo during sleep-wake cycle reported that α was only 0.14 in the 

neocortex of awake mice but that it increased to about 0.23 during sleep and when 

adrenergic signaling was inhibited by mixture of adrenergic antagonists (Xie et al., 2013).

Using the Real-Time Iontophoretic (RTI) method (Nicholson and Phillips, 1981), we 

measured diffusion of tetramethylammonium (TMA+, MW 74) to quantify α and λ in 

acutely prepared slices of visual cortex exposed to ISO. The same preparation was employed 

to assess the morphology of astrocytic processes with electron microscopy (EM). Our 

rationale for using EM was to enable us to analyze the most distal portions of astrocytic 

processes that constitute about 85% of astrocytic volume (Bushong et al., 2002). These distal 

processes are nearly impossible to visualize systematically or identify as astrocytic by light 

microscopy alone because fine processes are below the limit of resolution of light 

microscopy and because the molecular marker, glial fibrillary acidic protein (GFAP), is 

limited to the proximal portions of astrocytic processes (Grosche et al., 1999). These distal 

portions of astrocytes are crucial elements, because they surround and interdigitate between 

the neurotransmitter releasing and sensing regions of neurons – i.e., the synaptic portions of 

dendritic spines and axons – and also are richly endowed with βARs (Aoki, 1992; Aoki, 

1997). We chose to treat tissue with ISO at a concentration of 2 µM and over a period lasting 

30 to 90 min, since (1) these parameters were previously shown to evoke morphological 

changes upon cultured astrocytes (Shain et al., 1987; Vardjan et al., 2014), (2) provided 

sufficient time for the drug to equilibrate through the thickness of the acutely prepared 

cortical slice (Hrabetova and Nicholson, 2007) and (3) has been shown to be the range of 
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time during which cortical norepinephrine can become and remain elevated in association 

with behavioral tasks requiring vigilance (Dalley et al., 2001).

MATERIALS AND METHODS

Preparation of brain slices and adrenergic agonist solution

Experiments were performed at SUNY Downstate Medical Center in accordance with the 

National Institute of Health Guidelines and local Institutional Animal Care and Use 

Committee regulations. In this study, we used nine female Sprague-Dawley rats (6–8 weeks, 

127–233 g). Control ECS parameters between female (Sherpa et al., 2014) and male (Yao et 

al., 2008; Dmytrenko et al., 2013; Xie et al., 2013) rodents are similar. Nevertheless, female 

rats, 6–8 weeks old, were chosen in order to be able to compare ECS parameters obtained in 

this study with previous data from this lab that also used a similar age-group of female rats 

(Hrabetova, 2005; Sherpa et al., 2014; Xiao et al., 2015). Moreover, slice preparation in 

older animals is challenging because the skull hardens considerably. Lehmenkuhler et al. 

(1993) found that ECS parameters attain adult-like stage by postnatal day 23. This finding 

led us to expect that data obtained from 6–8 week old rats would be representative of adult-

tissue. The animals were anesthetized with sodium pentobarbital (50 mg/kg i.p.) and 

decapitated. Coronal slices (400 µm) containing the visual cortex were prepared from each 

brain using a microtome with vibrating blade (Leica VT1200 S; Leica Microsystems GmbH, 

Wetzlar, Germany) while immersing the brain in artificial cerebrospinal fluid (ACSF), as 

described previously (Sherpa et al., 2014). ACSF was comprised of (mM): NaCl 124, KCl 5, 

NaHCO3 26, NaH2PO4 1.25, D-Glucose 10, MgCl2 1.3 and CaCl2 1.5, and gassed 

continuously with 95% O2 and 5% CO2 mixture to buffer at pH 7.4. The osmolality of the 

ACSF measured via a freezing point-depression osmometer (Osmette A No.5002; Precision 

Systems, Natick, MA, USA) was 295–305 mosmol/kg.

The β-adrenergic receptor agonist ISO (DL-isoproterenol, cat #I5627; Sigma-Aldrich, St. 

Louis, MO) is typically used at concentrations ranging from 0.1 µM to 40 µM (Shain et al., 

1987; Kirkwood et al., 1999; Vardjan et al., 2014). We chose the concentration of 2 µM, 

based on studies reporting its effect of changing the morphology of cultured astrocytes over 

a period of 30 – 60 min (Shain et al., 1987; Vardjan et al., 2014), and to be sub-threshold for 

evoking β-adrenergic receptor desensitization (Wagner and Davis, 1979). Ascorbate (200 

µM; cat# 11140; Sigma-Aldrich) was added to prevent ISO oxidation (Bicknell et al., 1989; 

Kirkwood et al., 1999).

Preparation of slices for the Real-Time Iontophoretic method

Altogether 5 rat brains were used for RTI experiments. Coronal slices were allowed to 

recover in the ACSF at room temperature for at least an hour after dissection. After recovery, 

a brain slice was placed in a submersion recording chamber (Warner model RC-27L; 

Harvard Apparatus, Holliston, MA, USA), where it was superfused with ACSF at a flow rate 

of 2.0 mL/min. The temperature of ACSF in the recording chamber was maintained at 34 

± 1°C with a dual automatic temperature controller (Warner model TC-344B; Harvard 

Apparatus) and an in-line heater (Warner model SH-27A; Harvard Apparatus). Slices were 

incubated at this temperature, which is a few degrees below the normal body temperature, in 
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order to prolong slice viability (Kil et al., 1996). Lower temperature has been shown not to 

impact ECS parameters. Previous studies demonstrated that λ and α in cortical slices 

incubated at 22–26°C and 33°C are similar to those measured in cortex in vivo at 37°C (Yao 

et al., 2008; Dmytrenko et al., 2013). The ACSF used for slice incubation and for diffusion 

measurements contained 0.5 mM TMA+ and 200 µM ascorbate. TMA+ was added for 

calibration purpose and ascorbate was added to prevent oxidation of ISO, as described 

above. Previous studies showed that ascorbate did not significantly change the ECS 

parameters measured with the RTI method in rat neocortical slices (Perez-Pinzon et al., 

1995).

Real –Time Iontophoretic method

The RTI method (Nicholson and Phillips, 1981) is a diffusion-based technique that employs 

an ion-selective microelectrode (ISM) to detect ions, such as TMA+, released 

iontophoretically from a second microelectrode placed at a fixed distance (typically 100 µm) 

from the ISM. The microelectrodes were prepared from a double-barreled glass (TG200-4; 

Harvard Apparatus) as described previously (Sherpa et al., 2014). The iontophoretic 

microelectrode (both barrels) was backfilled with 150 mM TMA+ chloride. A constant 

positive bias current (20 nA) was applied to the iontophoretic microelectrode from a 

constant current, high impedance source (model PS-100 Iontophoresis Generator; Dagan 

Corporation, Minneapolis, MN, USA) to maintain a stable transport number (nt) at all times 

during the diffusion experiment (Nicholson and Phillips, 1981). The iontophoretic current 

was increased to 100–170 nA for 50 s to obtain a diffusion curve. The ion-detecting barrel of 

TMA+-ISM was backfilled with 150 mM TMA+ chloride and contained a short column of 

TMA+-detecting tetraphenylborate-based ion-exchanger (Corning exchanger 477317; 

currently available as IE 190 from WPI, Sarasota, FL, USA) in the tip. The DC potential-

detecting reference barrel was backfilled with 150 mM NaCl. Each TMA+-ISM was 

calibrated in a set of standard solutions (0.5, 1, 2, 4, and 8 mM TMA+ in 150 mM NaCl) 

before and after each experiment. The calibration voltages were fitted to the Nikolsky 

equation to obtain the slope and the interference of each TMA+-ISM, which was used for 

voltage-to-concentration conversion (Nicholson, 1993). To test whether TMA+-ISM had any 

sensitivity to ISO, we calibrated several microelectrodes in a separate set of calibration 

solutions containing 2 µM ISO and 200 µM ascorbate. No effect of ISO on TMA+-ISM 

slope was found.

The recording chamber was mounted on a Burleigh Gibraltar platform with X-Y stage 

(EXFO Photonic Solution Inc., Mississauga, ON, Canada) and used along with a CCD 

camera (OLY 150; Olympus America Inc., Melville, NY, USA) attached to a compound 

microscope (BX51W1; Olympus America Inc.). The TMA+-ISM and iontophoretic 

microelectrodes were held 120 µm apart with two independent robotic manipulators 

(MP285; Sutter Instruments Co., Novato, CA, USA). A dual channel microelectrode 

preamplifier (model IX2-700; Dagan Corp.) was used to amplify the DC signal and TMA+ 

signal obtained by continuously subtracting the DC signal from that on the ion-detecting 

barrel. The TMA+ and DC signals were further amplified and low-pass filtered (2 Hz) using 

a CyberAmp 320 (Axon Instruments Inc., Union City, CA, USA). Amplified signals were 

digitized with an analog-to-digital converter (model PCI-MIO-16E-4; National Instruments, 
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Austin, TX, USA) and acquired using the MATLAB-based program (MathWorks, Natick, 

MA, USA) WANDA (Hrabetova and Nicholson, 2007). The acquired diffusion curves were 

fitted with an appropriate solution of the diffusion equation using a MATLAB-based 

program WALTER (Hrabetova and Nicholson, 2007). A chart recorder was used to 

continuously monitor the TMA+ and DC signals.

Acquisition of diffusion records in a visual cortical slice (at a depth of 200 µm from the 

brain slice’s cut surface) and a dilute agarose gel (0.3% (w/v) in 150 mM NaCl; NuSieve 

GTG Agarose, cat# 50081, Lonza, Rockland, ME, USA) was performed as described 

previously (Sherpa et al., 2014). Diffusion measurements in the dilute agarose gel provided 

D of TMA+ and a transport number (nt) for the iontophoretic microelectrode. Measurements 

in the brain slice provided D*, α, and a nonspecific clearance k' (s−1) (Hrabetova and 

Nicholson, 2007). The tortuosity was calculated as λ = (D/D*)1/2. To verify the constancy of 

nt, additional measurements were taken in the dilute agarose gel after making brain 

measurements. ECS parameters obtained in acute brain slices incubated in the ACSF for up 

to eight hours after dissection are in a good agreement with the ECS parameters obtained in 

in vivo preparation (Yao et al., 2008), indicating stability and reliability of the RTI approach 

using TMA+ in in vitro and in vivo brain preparations.

The diffusion measurements were obtained from one slice per animal. Repeated diffusion 

measurements were taken from each slice under control condition, lasting about 30 minutes. 

Then, the agonist was applied, and repeated diffusion measurements were again taken during 

superfusion with ISO starting at about 30 min untill about 90 min. The mean values of pre-

agonist and post-agonist measurements of α and λ were obtained for each slice and used for 

statistical analysis.

Preparation of tissue for electron microscopy

Altogether 4 rat brains were allotted for EM experiments. From each brain, multiple coronal 

slices were prepared. All slices were allowed to recover in the ACSF at room temperature 

for at least an hour after dissection, then divided across two groups: a control group (with or 

without 200 µM ascorbate) and an ISO group (2 µM ISO and 200 µM ascorbate). In order to 

prolong slice viability, slices were maintained at a temperature few degrees below the 

normal body temperature at 34°C for 70 minutes, with or without ISO, exactly as the slices 

for RTI measurements were treated. The incubation period was kept at 70 min, since this 

was shown to be the time range yielding stable recording of ECS by the RTI method in the 

presence of ISO (Fig. 1C). No significant differences in morphological parameters of 

astrocytic processes were observed between the ACSF only and ACSF plus 200 µM 

ascorbate conditions (data not shown). Therefore, data from samples in ACSF with and 

without ascorbate were pooled for the control group.

At the end of the 70 min exposure to ACSF with or without ISO, coronal slices from both 

groups were fixed by immersing them in 0.1 M phosphate buffer (pH 7.4) solution 

containing 4% paraformaldehyde and 1% glutaraldehyde and immediately microwave-

irradiated (5–8 seconds; Model No. MW4370, Samsung) to reach as close as possible to 

39°C, but not higher, to avoid microtubule depolymerization (Kirov et al., 1999). The 
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microwave-fixed coronal slices were stored in the same fixative overnight and further 

processed for EM at New York University the following day.

Coronal slices from both groups were processed in parallel for plastic embedding, ultimately 

attaining 75 nm ultrathin sections that spanned layers 1 through 6 of visual cortex and 

oriented so as to be able to avoid sampling within 150 µm from surfaces of a vibrating blade 

microtome-sectioned 400 µm thick slice, where damage during the in vitro ‘live’ state would 

be maximal. The procedures for plastic embedding were as described previously (Aoki, 

1992).

Electron microscopy analysis

The experimenter was blind to the experimental group during the digital electron 

microscopic image acquisition and quantitative analysis of images. We chose ultrathin 

sections that had adequate ultrastructural preservation, captured all cortical layers, and all 

depths from the surface of brain slices. The brain slice surface was verified, based on the 

characteristic zig-zag contour created by the vibratome’s blade. Images were acquired about 

150 µm away from the vibrating-blade microtome slice edges. This procedure ensured that 

we avoided sampling from tissue regions damaged by the vibratome, and it also coincided 

with the region where RTI diffusion measurements were performed.

The random sampling strategy of electron micrographic images was systemized by 

analyzing all non-overlapping micrographs in the order that they were encountered. This 

procedure ensured sampling from an area spanning 2500 µm2 from one ultrathin section per 

animal, captured at a magnification 20,000×.

Astrocytic profiles in an electron micrograph were identified by the irregular contour of their 

plasma membrane, an electron-lucent cytoplasm, an absence of microtubules, a scarcity of 

organelles, an absence of PSDs (post-synaptic densities) and vesicle clusters (Peters et al., 

1991). Glial fibrillary acidic protein bundles occurred only in large processes, proximal to 

the nucleus, so we did not rely on this feature for distal astrocytic profile identification 

(Peters et al., 1991). These morphological characteristics of astrocytic profiles contrast 

sharply from those described for microglial processes, the latter of which exhibit electron 

dense cytoplasm and contain multiple vesicles, vacuoles, and elongated endoplasmic 

reticulum (Tremblay et al., 2010; Sogn et al., 2013). We relied on the contrasting features of 

astrocytes versus microglia to discriminate one from the other.

We quantified total cytoplasmic area and total plasma membrane length of all astrocytic 

profiles encountered in an electron micrograph from layer 2. The neuropil area sampled per 

micrograph at a magnification 20,000× was 48.43 µm2. We outlined each profile using the 

software, ImageJ, version 1.46i (http://rsb.info.nih.gov/ij/). To eliminate the effect of over-

counting profiles landing on the edge of an electron micrograph, we divided the total number 

of astrocytic profiles on edges of an electron micrograph by half and added this number to 

the number of whole astrocytic profiles encountered. The final sum provided the total 

number of astrocytic profiles in an electron micrograph. We also quantified a ratio of the 

plasma membrane length and (cytoplasmic area)1/2 for each individual astrocytic profile that 
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was not at the edge of micrograph. Parts of blood vessels were captured in 6 electron 

micrographs from the control condition versus 10 from the ISO condition.

Statistical analysis

Statistical analysis was performed with SigmaStat 3.5 (Systat Software Inc.). Data obtained 

with the RTI method are presented as mean ± SD, with number of slices = number of 

animals. EM data are presented as mean ± SEM, pooled from multiple slices of the same 

condition and using N = number of electron micrographs for comparing the cytoplasmic 

area, plasma membrane and number of astrocytic processes per unit neuropil across the 

treatment conditions and N = number of astrocytic process, for comparisons of the astrocytic 

plasma membrane length-to-cytoplasmic area ratios. RTI and EM data were tested for 

normality and equal variance. RTI data were distributed normally while EM data did not 

pass either normality test or equal variance test. Therefore, a paired t-test and a non-

parametric Mann-Whitney Rank Sum test were used to test differences between the two 

groups of RTI and EM data, respectively. Value of p < 0.05 was considered significant for 

both data sets.

RESULTS

Structural parameters of ECS measured with the RTI method in the visual cortex treated 
with ISO

We used the RTI method to measure ECS parameters in each slice during the control 

condition and during superfusion with ISO (Fig. 1A). Representative TMA+ diffusion curves 

obtained under the control and the ISO conditions and the time course of one experiment are 

shown in Figure 1B–C. Larger amplitude of the TMA+ diffusion curve from the ISO 

condition, compared to the control condition, implies a reduction in α in the ISO condition, 

which was observed within about 30 minutes of applying the ISO and was maintained at that 

level up to 90 minutes.

Statistical analysis of all data (5 slices; 5 animals; paired t-test) revealed that α was 

significantly reduced by ISO (control: 0.22 ± 0.03, ISO: 0.18 ± 0.03; p < 0.05; Fig. 1D). No 

significant change was found for λ (control: 1.64 ± 0.04, ISO: 1.63 ± 0.04; p = 0.79; Fig. 1E) 

or k' (control: 0.011 ± 0.005, ISO: 0.010 ± 0.007; p = 0.77). In summary, we found that α 

was reduced by about 20% during the ISO condition, while λ remained constant.

Quantitative electron microscopic assessment of the morphology of astrocytic profiles of 
visual cortex treated with ISO

We used EM to assess the morphology of astrocytic processes at the ultrastructural level in 

two groups of slices incubated in parallel, one with and one without ISO (Fig. 2A). 

Representative electron micrographs, captured at a magnification of 20,000x, obtained from 

the control condition and the ISO treated condition are shown in Figure 2B.

Statistical analysis of all data (control: 126 micrographs, 8 slices; ISO: 84 micrographs, 7 

slices; 4 animals; Mann-Whitney Rank Sum test) revealed that three quantitative parameters 

of astrocytic processes were greater under the ISO condition. These were the total 
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cytoplasmic area of astrocytic processes (control: 1.31 ± 0.08 µm2, ISO: 2.02 ± 0.21 µm2, p 
< 0.05, Fig. 2C), the total plasma membrane length of astrocytic processes (control: 21.47 

± 0.89 µm, ISO: 29.11 ± 1.54 µm, p < 0.001; Fig. 2D), and the total number of astrocytic 

processes (control: 14.75 ± 0.55, ISO: 19.55 ± 1.07, p < 0.001; Fig. 2E).

To determine whether the shape of astrocytic processes underwent a significant modification 

during ISO application, we quantified a ratio of the plasma membrane length and 

(cytoplasmic area)1/2 for each individual profile (control: 1815 profiles, ISO: 1603 profiles). 

This ratio increased significantly, albeit slightly (control: 5.85 ± 0.03, ISO: 6.03 ± 0.04, 

Mann-Whitney Rank Sum test, p < 0.05; Fig. 1F).

In summary, we found significant alterations in morphological parameters of astrocytic 

processes treated with ISO, indicating a 54% increase in the total astrocytic cytoplasmic area 

per micrograph, a concomitant 36% increase in the total astrocytic plasma membrane per 

micrograph, a 33% increase in number or astrocytic profiles per micrograph, and a 3% 

increase in the plasma membrane-to-cytoplasmic area ratio per astrocytic profile.

Changes in ECS and astrocytic morphology compared

Quantitative RTI and EM analyses revealed that the ECS compartment is shrinking while the 

cytoplasmic compartment of astrocytes is expanding in rat visual cortex when βARs are 

activated with ISO. To compare a three-dimensional (3D) parameter (α of ECS) and 2D 

parameter (area of astrocytic processes) directly, we employed the Delesse Principle from 

quantitative stereology, which states that the volume fraction of a 3D homogenous structure 

can be estimated from 2D sections, simply by measuring the ratio of areas in the two phases 

(Underwood, 1970). The Delesse Principle thus allows us to convert the values of astrocytic 

processes areas measured in the control condition and in the ISO condition into the 

astrocytic volume estimates, and then to compare these estimates of astrocytic volumes with 

the values of α measured in the control conditions and in the ISO conditions. This approach 

was taken, in lieu of EM 3D serial reconstruction, so that we could analyze multiple samples 

across the ISO versus control conditions more efficiently (Umbriaco et al., 1994).

From EM images, we calculated a ratio of the total cytoplasmic area (µm2) of astrocytic 

processes and the area of an electron micrograph (48.43 µm2 at 20,000× magnification). In 

control conditions, the total volume fraction of astrocytic processes was 2.7 % (1.31/48.43) 

while it was 4.2 % (2.02/48.43) in the ISO condition. This represents a 1.5% increase. The 

RTI method directly measures the ratio of ECS volume to the tissue volume (i.e., ECS 

volume fraction, α). The change in α value from the control (21.9%) to the ISO condition 

(18.3%) represents a 3.6 % decrease. Taken together, we found that the expansion of 

astrocytic processes can explain, at least in part, the reduction of ECS volume in the ISO 

condition.

DISCUSSION

To the best of our knowledge, our study is the first to quantify the ECS parameters in 

cortical tissue during selective activation of βARs, which in vivo would be stimulated by a 

noradrenergic component of the ascending arousal system projecting from the LC (Berridge 
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and Waterhouse, 2003). We tested the hypothesis that βAR activation impacts extracellular 

diffusion-mediated transport of molecules through alterations in the morphology of 

astrocytes. We found that ECS volume decreased significantly in the ISO condition and that 

increases in the volume of astrocytes can account for part of this.

Methodological considerations

One of the strengths of this study is that both ECS analysis and EM analysis of the cellular 

components forming the ECS were conducted in the same preparation – acutely excised 

cortex that was maintained alive through oxygenated ACSF. The similarity of the ECS 

parameters α and λ with the in vivo values obtained previously (Yao et al., 2008; Dmytrenko 

et al., 2013) indicates that our acute slice preparation captured the in vivo state well.

We chose not to analyze the ECS volume using EM images because ultrastructural analysis 

indicates that aldehyde causes >10% loss of ECS (Korogod et al., 2015). The loss of ECS 

due to aldehyde-fixation agrees with the report by Kinney et al. (2013) – namely an 8% 

reduction in α during fixation, dehydration, and tissue handling, which contributed to 

shrinkage of the total tissue volume. Although our preparation of tissue for EM 

circumvented the artifacts introduced by cardiac perfusion, our approach of rapid (<10 sec) 

microwave-fixation at the end of the incubation period in the ACSF, together with the 

dehydration required for plastic-embedding of the tissue, is likely to have reduced the ECS 

greatly.

Although both the deafferentation of acutely prepared slices and microwave-fixation may 

have altered the morphology of astrocytes, the experiment was designed to impose these 

treatments identically upon both the control and ISO groups, by treating the two groups 

strictly in parallel and identically. Therefore, the measured differences in α and astrocytic 

morphology can be ascribed to the effect of ISO exposure.

Generality of the ISO-mediated change in astrocytic morphology

It had previously been shown that cultured astrocytes from adult rat neurohypophyses 

(Hatton, 1997) and astrocyte-only cultures derived from postnatal day 2–3 rat cortex 

(Vardjan et al., 2014) alter their morphology upon activation of βAR. Our study differed 

from these previous studies, because astrocytes of our analyses were not cultured but instead 

kept alive within intact neuropil of acutely prepared cortical slices. Astrocytes of our study 

also differed by being within neuropil from an adult stage. Despite these differences in the 

preparation, we agree with previous studies that astrocytes respond to ISO with significant 

morphological changes, although we also found significant differences that are discussed 

below.

Activation of βAR activates cAMP-dependent protein kinases, which phosphorylate 

cytoskeletal proteins, GFAP, and vimentin, to alter astrocytic morphology in culture over a 

period of 30 – 60 min (Shain et al., 1987; Vardjan et al., 2014) and also induces 

depolymerization of actin (Goldman and Abramson, 1990). Because GFAP is localized to 

proximal portions of astrocytic processes, while actin filaments are distributed more distally 

(Peters et al., 1991), all of these changes to the cytoskeleton of astrocytes can support both 

global as well as the finest morphological change upon astrocytes. In particular, Vardjan et 
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al. (2014) examined GFAP-immunolabeled portions of astrocytes, i.e. cell soma and the 

proximal processes, while the great majority of our samples were of the GFAP-lacking, 

therefore distal, portions. Vardjan et al. (2014) found that ISO reduced cross-sectional area 

of GFAP-containing portions of cultured astrocytic processes, along with transformation 

from a flattened polygonal morphology to a mature stellate morphology. Similar 

transformation in morphology has been reported in cultured pituicytes from adult rat 

neurohypophysis, albeit without quantitative analysis (Bicknell et al., 1989). By contrast, we 

found that ISO increases cross-sectional area of the more distal portions of astrocytic 

profiles within intact cortical neuropil. Taken together, it may be that some of the astrocytic 

volume in the proximal portion has been pushed out to distal processes. However, since we 

did not measure the change evoked by ISO upon proximal portions of astrocytes, this idea 

remains speculative. Our studies differ from and complement Vardjan’s in another way. 

Since astrocytes of their preparation were grown in culture dishes in the absence of 

norepinephrine, their treatments evoked the very first noradrenergic response of astrocytes to 

the agonist. This first response to the agonist is likely to be reflecting the supersensitivity of 

β-adrenergic receptors, due to the absence of the agonist (Sporn et al., 1977; Mahan et al., 

1987). In contrast, astrocytes of our preparation matured within intact cortical neuropil with 

intact noradrenergic innervation. Therefore, astrocytes of our system were exhibiting 

responses within the adult neuropil, rather than developmental or supersensitized responses.

Fine distal processes of astrocytes encompass dendritic spines, axons and terminals; they are 

abundant in actin and are thus potentially most motile and plastic (Goldman and Abramson, 

1990). Therefore, our morphological data reflect the β-adrenergic responsivity in the 

interplay between the morphologically most dynamic extensions of astrocytes and neurons. 

Additional reasons for our differences could be that the structurally undifferentiated cultured 

astrocytes and the mature astrocytes respond differently to ISO or that the astrocytes 

cultured in the absence of neurons and the astrocytes surrounded by an intact extracellular 

microenvironment and neurons respond differently to ISO. Vardjan’s analysis also 

necessarily excluded any processes less than 200 nm in diameter, because of the inherent 

resolution limit of confocal microscopes (~200 nm diameter) and even more severe 

limitations for quantitating the extent of change.

Similarly to the study of Vardjan et al. (2014), we found that ISO increased the perimeter of 

astrocytic processes in cortical slices. This increase suggests new membrane synthesis, 

which may allow for repositioning of neurotransmitter transporters, ionic channels, and 

aquaporin channels. The significant increase in the ratio of the plasma membrane length to 

(cytoplasmic area)1/2 for each astrocytic profile caused by ISO suggests that the shape of 

distal astrocytic processes was altered, which may have led to the formation of additional 

processes.

Functional significance of the ISO-mediated decrease in α of the ECS

ECS parameters measured in rat visual cortex slices under the control condition (α = 0.22, λ 

= 1.62) are in a good agreement with the values of α and λ measured previously in mouse 

neocortex in vitro and in vivo (Yao et al., 2008; Dmytrenko et al., 2013). To the best of our 

knowledge, our study is the first to quantify the ECS parameters in a neocortical tissue 
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during a selective activation of βARs, which in vivo would be stimulated during arousal 

(Berridge and Waterhouse, 2003). We found that α significantly decreased in ISO condition 

while λ did not change. Furthermore, employing ultrastructural analysis in the same brain 

slice preparation, we identified astrocytes as one cell type that increases its volume in ISO 

condition and we estimated that this volume change can account, at least in part, for reduced 

α.

ECS parameters have been quantified in many brain regions of different species (Sykova and 

Nicholson, 2008) but most studies were either in sleeping animals or in in vitro preparation 

of brain slices. Recently, Xie et al. (2013) reported that α was only 0.14 in the neocortex of 

awake mice but increased to 0.23 when animals fell asleep or were anesthetized; λ remained 

unchanged (λ = 1.3–1.8). Interestingly, α in awake mice increased from 0.14 to 0.23 when 

noradrenergic system was inhibited by a mixture of noradrenergic antagonists, implying that 

inhibition of noradrenergic signaling transits α from the awake-like state to the sleep-like 

state.

Our work complements Xie et al. (2013) study with respect to how adrenergic signaling 

affects α: we show that activation of βARs mimics the transition of brain slices from a sleep-

like state to an awake-like state, based on the change of α. But there are some differences 

between these two studies. While the inhibition of adrenergic signaling in awake mice 

increased α from 0.14 to 0.23 (Xie et al., 2013), the activation of βARs decreased the value 

of α from 0.22 to only 0.18. One explanation is that Xie et al. (2013) completely blocked 

adrenergic signaling using a mixture of noradrenergic antagonists acting on β, α1, and α2 

adrenergic receptors while we engaged adrenergic targets only in part, having employed a 

selective βAR agonist. Alternatively, since we performed our measurements in brain slices, 

we worked with a system that lacks an intact LC connection and, possibly, tonic adrenergic 

levels. This deafferentation may have altered the way in which the tissue responds to βAR 

agonists.

Reduction of α in ISO conditions alters the spatiotemporal distribution of neuroactive 

substances diffusing in the ECS, such neuropil in ISO condition simultaneously experiences 

higher concentrations of released ions, neurotransmitters and neuromodulators. This would 

lead to spatiotemporal enhancement of their actions on target sites.

Future studies

In this study, we chose not to analyze neuronal profiles, because β-adrenergic receptor 

immunoreactivity is approximately nine-fold more prevalent in astrocytic processes than in 

neuronal processes within adult neocortex (Aoki, 1997; Aoki and Erisir, 2012). At present, it 

remains unknown whether microglia respond to β-receptor agonists with morphological 

changes, as does astrocytes. Given that microglia have been shown to play an integral role in 

experience-dependent synaptic plasticity, future studies that specifically examine changes 

evoked concurrently upon microglia, synapses and astrocytes by β-receptor agonists would 

be worthwhile.
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Significance to sleep-wake transitions

The rise of norepinephrine in the neocortex following LC firing causes the transition of 

cortical activity from the sleep to the awake state (Aston-Jones and Bloom, 1981; 

Constantinople and Bruno, 2011) and increases in the signal-to-noise ratio (Hasselmo et al., 

1997; Ikeda et al., 2015; however see Sato et al., 1989). Our studies suggest that βAR-

induced change in the astrocytic morphology impacts concentration of neuroactive 

substances via reduction in α, revealing an important functional mechanism for neuronal 

communication, neuron-glia interactions and processing of sensory information in the visual 

cortex during the awake state.
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Figure 1. 
Quantitative analysis of ECS parameters. A, Time line of RTI experiment. B, Representative 

diffusion curves in the visual cortex under control (green) and ISO (red) conditions. 

Theoretical curves (dashed black) from the fitting procedure are superimposed. TMA+ was 

released from an iontophoretic microelectrode (horizontal bar; nt = 0.32) placed 120 µm 

away from TMA+-ISM. The k' values were 0.007 s−1 (control) and 8.82 × 10−12 s−1 (ISO). 

C, Time course of α and λ values from one experiment. D–E, Summary of α and λ values 

from all experiments (mean ± SD). Asterisk, significant; n.s., non-significant.
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Figure 2. 
Quantitative analysis of the morphology of astrocytic processes. A, Time line of EM 

experiment. B, Representative electron microscopic images of neuropil of the visual cortex 

under control and ISO conditions. Astrocytic profiles are colored in yellow. Scale bar: 500 

nm. C–F, Summary of morphometric analyses (mean ± SEM); control: green, ISO: red; 

asterisk, significant.
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