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Abstract

Intracortical neural probes enable researchers to measure electrical and chemical signals in the 

brain. However, penetration injury from probe insertion into living brain tissue leads to an 

inflammatory tissue response. In turn, microglia are activated, which leads to encapsulation of the 

probe and release of pro-inflammatory cytokines. This inflammatory tissue response alters the 

electrical and chemical microenvironment surrounding the implanted probe, which may in turn 

interfere with signal acquisition. Dexamethasone (Dex), a potent anti-inflammatory steroid, can be 

used to prevent and diminish tissue disruptions caused by probe implantation. Herein, we report 

retrodialysis administration of dexamethasone while using in vivo two-photon microscopy to 

observe real-time microglial reaction to the implanted probe. Microdialysis probes under artificial 

cerebrospinal fluid (aCSF) perfusion with or without Dex were implanted into the cortex of 

transgenic mice that express GFP in microglia under the CX3CR1 promoter and imaged for 6 

hours. Acute morphological changes in microglia were evident around the microdialysis probe. 

The radius of microglia activation was 177.1 μm with aCSF control compared to 93.0 μm with 

Dex perfusion. T-stage morphology and microglia directionality indices were also used to quantify 

the microglial response to implanted probes as a function of distance. Dexamethasone had a 

profound effect on the microglia morphology and reduced the acute activation of these cells.
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INTRODUCTION

Implantable neural probes are powerful tools for understanding brain function as well as a 

critical front-end system for monitoring brain physiology, especially in the clinical setting 

[1–10]. The use of probes to monitor neurotransmitters and neurochemicals has led to 

significant advances in understanding the brain’s physiology and neurochemistry in mental 

health disorders, neurolological disease, and brain injury [11–21]. Among various neural 

probes for in vivo biochemical sensing, brain microdialysis probes present a major 

advantage in that they are not limited to electroactive species and can be combined with 

analytical techniques that can more easily separate multiple neurochemical targets of interest 

from interferents [22]. However, there are challenges in reliable sampling from implanted 

microdialysis probes [23–29].

Implantation of neural probe devices into the brain results in immediate tissue injury and 

blood-brain barrier (BBB) disruption [30–32], activation of microglia and astrocytes [32, 

33], inflammation [34], loss of oxygen perfusion [22, 32, 33] and neural degeneration. These 

reactive tissue responses have been extensively characterized for smaller electrophysiology 

electrodes, which are sensitive to small ionic currents from action potentials (see review [4, 

32]). One cell type that plays a critical role after device implantation is microglia. Microglia 

normally perform a wide range of tasks while in the native ramified (R-stage) state, 

including experience-dependent synaptic maintenance [35, 36], debris clearing [37], and 

surveillance against injury and invasion [37]. Acutely, following probe insertion, nearby 

microglia activate and encapsulate the implant with their processes and lamellipodia sheath 

[33]. A previous in vivo two-photon study showed that nearby microglia enter a transition 

stage (T-stage) where microglia retract most of their processes while extending a few long 

processes towards the implant on the order of minutes [33] in a manner similar to the 

microglia response to BBB injury by laser ablation [33, 38]. During the first 12 hours once 

these processes reach the surface of the probe, very little morphological change is observed 

[33]. Over days and weeks, the microglia migrate to the surface of the implant and form a 

thin cellular sheath that encapsulates the device [39, 40]. Microglial activation is also 

accompanied by activation of astrocytes, often characterized by glial fibrillary acid protein 

upregulation [34, 41–44]. The glial sheath in turn forms a barrier that impedes ionic current 

and neurochemical diffusion [45]. In addition, caspase-1 mediates neuronal loss, and a 

decrease in neurite density has been found which alters the sampling environment around 

implanted devices [27, 28, 34, 46–48]. This leads to a degradation of electrical and 

electrochemical signal quality over the lifetime of the implant [1, 28, 34, 44, 49, 50].

Numerous intervention strategies to minimize the inflammatory tissue responses to neural 

implants have been proposed and/or investigated including device footprint size [44, 51, 52], 

electrode site size [44, 53], volumetric density across the device’s footprint [54, 55], strength 
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[44, 56], compliance/flexibility [44, 57], elasticity/softness [58–61], electrical properties 

[62–66], device insertion speed [67, 68], tip shape[67], surface modifications [44, 69–71 and 

109], and drug delivery [27–29, 72–79]. In particular, dexamethasone (Dex), an anti-

inflammatory synthetic glucocorticoid, has been frequently used to reduce inflammation and 

the reactive tissue response around surgical implants [80, 81], and more recently for use with 

brain implants [27–29, 72–79, 82]. In particular, microdialysis studies have shown that 

continuous retrodialysis of Dex mitigates ischemia and gliosis and also reduces activation of 

microglia at 4 and 24 hours based on postmortem histology [28, 29]. Longer term studies 

demonstrated that retrodialysis of Dex for 5 days was highly effective at suppressing the 

formation of a glial scar at the probe track and significantly reduced the presences of 

microglia [27] [108]. The actions of Dex are anti-inflammatory and are tightly confined to 

the local vicinity of the microdialysis probes. Dex does not distort neurochemical 

measurements, and the tissues surrounding implants are stable and robust [27–29]. Although 

Dex administration reduces the extent of inflammatory gliosis, it is uncertain how its action 

affects microglia morphology/motility in real time. Characterizing the dynamic microglia 

response to penetration of microdialysis probes and the Dex treatment will shed light 

towards the understanding of the brain penetration injury and mechanism of action of anti-

inflammatory therapeutics.

In previous studies, ED-1 labeling in the presence of Dex did not show significant microglial 

activation at the 4-hour time point following microdialysis probe insertion [27–29]. 

Therefore, the dynamics of interest for this study are over the acute time period. Here we 

employ in vivo two-photon microscopy to quantify the acute microglial response to 

microdialysis probes in brain with or without retrodialysis of Dex. Specifically, we examine 

the cellular microglial response to microdialysis probe insertion until 6 hours post-

implantation while infusing either artificial cerebral spinal fluid (aCSF) or Dex. 

Morphological changes and activation characteristics of microglia around the implants were 

observed and quantified.

MATERIALS and METHODS

Microdialysis Probe and Perfusion Preparation

Vertical concentric microdialysis probes (300 μm o.d., 4mm in length) were constructed with 

a hollow fiber dialysis membrane (Spectra-Por RC Hollow Fiber; MWCO: 13,000 Da, 300 

μm o.d., 160 μm i.d., Spectrum Laboratories, Inc.; Rancho Dominguez, CA) and fused silica 

outlet lines (150 μm o.d., 75 μm i.d., Polymicro Technologies; Phoenix, AZ) as described 

elsewhere [83]. Artificial cerebrospinal fluid (aCSF: 142 mM NaCl, 1.2 mM CaCl2, 2.7 mM 

KCl, 1.0 mM MgCl2, 2.0 mM NaH2PO4, pH 7.4) was the perfusion fluid in control 

experiments. Dexamethasone sodium phosphate (Dex, APP Pharmaceuticals LLC 

Schaumburg, Il) was diluted in aCSF to 10 μM.

Surgery

Microdialysis probes were bilaterally implanted in cortex area V1/V2 of ten transgenic mice 

that express green fluorescent protein (GFP) in brain microglia under the direction of the 

CX3CR1 promoter (CX3CR1-GFP). CX3CR1-GFP mice were obtained from Jackson 
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Laboratories (Bar Harbor, ME) and weighed 25–30 g. These animals were prepared for 

cortical implants using previously established methods [30, 33]. Briefly, the animals were 

anesthetized with a mixture of 90 mg kg−1 ketamine and 9mg kg−1 xylazine administered 

intraperitoneally (IP) with regular updates of 17.5 mg kg−1 every hour or as needed. The 

depth of anesthesia was monitored by tracking heart rate. After the animal was placed in a 

stereotaxic frame, the skin and connective tissue on the surface of the skull was removed. A 

thin layer of Vetbond (3M) was placed over the skull and a 1–1.5 mm tall well was 

constructed around the edges of the skull using dental cement. A 4 mm by 6 mm craniotomy 

was made by thinning the skull over the somatosensory and visual cortex using a high-speed 

dental drill and then removed with forceps. The skull was periodically bathed in saline to 

ensure that the underlying cortex did not experience thermal damage from drilling. Care was 

taken to prevent vascular damage during drilling and the removal of the bone. All 

experimental protocols were approved by the University of Pittsburgh, Division of 

Laboratory Animal Resources and Institutional Animal Care and Use Committee in 

accordance with the standards for humane animal care as set by the Animal Welfare Act and 

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

Probe Insertion

The microdialysis probes were aligned with a stereotaxic manipulator over the visual cortex 

at a 30° angle. Prior to insertion, probes were continuously perfused with artificial 

cerebrospinal fluid (aCSF: 144 mM Na+, 1.2 mM Ca2+, 2.7 mM K+, 152 mM Cl−, 1.0 mM 

Mg2+, and 2.0 M PO4
3− adjusted to pH 7.4 with NaOH) or 10 μM Dexamethasone in aCSF 

at 0.610 μL/min until the conclusion of the experiment. Flow was confirmed by visual 

inspection of droplets forming at the outlet line but samples were not collected for analysis. 

Probes were inserted using a z-axis automated microdrive (MO-81, Narishige, Japan) at 200 

μm s−1 for 2700 μm, then retracted 300 μm. Probes were then fixed into position using a 

blue-light curing dental cement. Then, prior to imaging, 0.1 cc of 1 mg ml−1 

sulforhodamine101 (SR101, S-359, Invitrogen, Carlsbad, CA) was injected IV as an optical 

vascular label (red), and then 0.05 mg ml−1 SR101 was administered IP periodically as 

needed as the blood vessels became faintly labeled.

Two-photon imaging

A two-photon laser scanning microscope was used for in vivo imaging. The microscope 

consisted of a scan head (Bruker/Prairie Technologies, Madison, WI) and a Ti:sapphire laser 

(Mai Tai DS; Spectra-Physics, Menlo Park, CA) providing 100 fs pulses at 80 MHz tuned at 

a wavelength of 920 nm for this study. A 16×, 0.8 numerical aperture water immersion 

objective lens was used for imaging (Nikon Instruments Inc., Melville, NY). Fluorescence 

was detected using non-descanned photomultiplier tubes (Hamamatsu Photonics KK, 

Hamamatsu, Shizuoka, Japan) in whole-field detection mode. Images of 1024 × 1024 pixel 

(815 μm × 815 μm) were acquired using Prairie View software. Z-stacks were taken every 

hour with 2 μm step-size.

Data Analysis

Because the microdialysis probes needed to be fixed onto the headcap prior to imaging, the 

earliest z-stack time point was 0.5 hr post implant. In a previous publication with solid 
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silicon implants, the initial microglia response settled within the 1st hour and then showed 

limited morphological change over the first 6 hrs [33]. In some previous animals, anesthesia 

related issues caused deterioration of the animal health and tissue around 7–8 hrs post 

implant [33]. Therefore, quantitative morphological analysis was conducted at the 6 hr time 

point [33]. Microglial cells were characterized as ramified or in the activated transitional 

stage (T-stage), characterized by retraction of most processes with extension of others 

toward the insult or injury location. The number of ramified cells divided by total cells were 

then binned by distances and averaged across trials to generate p, the probability that a 

microglia body will be in the ramified state in each bin. Because the p with respect to 

distance plot follows a Bernoulli distribution, a binomial logarithmic generalized linear 

regression was used to deduce the distance for a given p:

[1]

where p represents the ramification index, and x represents the distance from the probe as 

previously established [33].

Measurements and calculation of a T-stage morphology index and microglia directionality 

index was also performed to assess the activated state of microglia by two counters. T-stage 

morphology index was calculated by measuring the length (n) of the longest microglia 

process from the hemisphere facing the probe and the length (f) of the longest process facing 

away from the probe at 6 hr post implantation. Similarly, microglia directionality index was 

calculated by measuring the number of processes (n) extending from the cell body in the 

hemisphere facing the probe and the number of processes (f) extending from the cell body in 

the hemisphere facing away from the probe. Index values were calculated using the 

following formula as previously established [33]:

[2]

In both cases, an index value of 1 represents a ramified microglia cell (n=f), while an index 

of 0 represents a fully active T-stage microglia cell extending all processes toward the 

implant, similar to the microglia ramification state rating method. Note that if a microglia 

reduces ‘f ’ by 50% and increases ‘n’ by 50%, the resulting index will be 0.5. Binning was 

performed to compute error bars as a function of distance for the indices, and the size of 

each bin was 30 μm. The distribution of the index values as a function of cell body distance 

from the implant was then generated. This distribution was fitted to a dual sigmoidal 

function as done previously using a custom MATLAB script [33]. This function was used to 

capture the plateau feature between normal ramified microglia and T-stage active microglia, 

which corresponds to 1 and 0, respectively. The sigmoidal function was parameterized by 

amplitude (a), shoulder location (d1 and d2 in μm), and shoulder width (w1 and w2 in μm) 

and the fit was constrained to indexes between 0 and 1 (Eqn. [3]). To determine the distance 

where the microglia morphology differs from a non-active microglia, the data were binned 

over 30μm increments and mean and standard deviation of the index values were computed. 

Welsh t-tests were computed over each bin and significant differences were established for 
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p<0.05. In addition, chi-squared values and two-sided t-tests of the residuals were used to 

evaluate the model adequacy relative to a simple linear model as previously established [33].

[3]

3D reconstruction

To qualitatively capture the response of microglia to the implant, high-resolution stacks were 

reconstructed into three-dimensional space by linear interpolation. In some cases, the 

reconstructed volume was rotated for visualization. This was performed using ImageJ’s 

(NIH) built-in ‘3D Project’ function. Visualization of microglia activity adjacent to the 

implant was done by setting the function’s interior depth-cueing parameter to zero. An 

average intensity projection was then performed parallel and perpendicular to the electrode 

penetration orientations.

RESULTS

As previously established, care was taken to prevent vascular damage during drilling and 

removal of the bone [30, 33]. Microdialysis probes were inserted with the beveled tip facing 

up over an area of the cortex with relatively low vessel density (usually between areas V2 

and S1) as shown in Figs.1 and 2. Microglial cells were continuously monitored over a 6 hr 

period; representative images are shown in Fig. 1 (d–h). Due to the size of the microdialysis 

probes, bleeding was sometimes observed during insertion. In these cases, regions of the 

tissue unobscured by blood were quantified. Laser and PMT settings were sometimes 

increased within safety limits before re-imaging bloody tissue regions (which caused other 

regions of the tissue to saturate the detectors). Continuous retrodialysis of 10 μM 

dexamethasone in aCSF at 0.610 μL/min altered the microglial activation pattern when 

compared to aCSF only perfusion. Fig. 2 illustrates a microdialysis probe inserted into the 

cortex while both microglial cells (green) and the vasculature (red) were monitored. 3D 

projection images are shown from a side view (Fig. 2 b) and from the top (Fig. 2 c). These 

images helped characterize and visualize the morphology and directionality of the microglia 

in the presences of Dex or aCSF.

Microglia activation radius at 6 hours

Microglia cells reacted immediately following probe insertion into the cortex. In order to 

quantify microglia activation and correlate it to the distance to the probe, microglia cells 

were assigned a binary score: 0 for activated and 1 for ramified. Then, a logarithmic 

binomial generalized linear regression curve was fitted to these data (Eq. [1]). At 6 hours 

post-insertion with aCSF, the probability of microglia being active was 50% (p=0.5) at a 

distance of 177.1μm (β=0.0293, α=5.189; Fig. 3). In contrast, the distance to a 50% 

probability for active microglia with Dex was reduced to 93.0μm (β=0.0319, α=2.966; Fig. 

3), suggesting that Dex reduced the extent of active microglia.

Kozai et al. Page 6

Biomaterials. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T-stage morphology index

The T-stage activation of microglia cells was quantified as an index value following Eq. 1. 

(An index value of 1 represents ramified cells, while an index value of 0 represents fully 

activated microglia.) These index values were plotted as a function of distance from the 

probe for aCSF perfused (Fig. 4a) and Dex perfused (Fig. 4b) brain tissue. Note that the 

average index values for all bins were larger for the Dex data compared to the aCSF data, 

indicating that under Dex the microglia were less reactive than under aCSF perfusate. A 

two-shoulder function was used to characterize this distribution with the following 

parameter values: relative amplitude (a), near shoulder (d1) and spread (w1), and far 

shoulder (d2) and spread (w2) (Fig. 4c). For aCSF, a=0.77, d1=142 μm, w1= 164 μm, d2 = 

177, w2 = 13 μm. In contrast for Dex, a=0.86, d1=22 μm, w1=21 μm, d2=180 μm, w2=2 μm. 

Welch’s t-tests were performed on the index data from each bin between aCSF and Dex 

perfused microdialysis probes. Significant differences were observed in the 5 bins between 

30 μm and 210 μm from the probe surface. Goodness-of-fit (chi-squared) metrics were 

calculated to ensure the model is appropriate. Chi-squared values of 3.9 and 14.4 were 

obtained for the Dex and aCSF data, respectively, which indicate that the model is not over 

fitting the binned data. In addition, we performed t-tests on the residuals of the model to 

ensure that the two-shoulder model is more appropriate to describe the data compared to a 

simple linear model. Both chi-squared metrics and t-tests showed that the two-shoulder 

model better described the Dex data (chi-sq=3.9, t-test p<0.0001) compared to a linear 

model (chi-sq=27.6, p<0.01) but a linear model performed similarly for the aCSF binned 

data (two-shoulder model chi-sq=14.4, p<0.0001; linear model chi-sq=19.5, p<0.0001). This 

finding is not surprising given the behavior of the relatively slow transition of the aCSF data 

with distance in Figure 4. Nonetheless, we report two-shoulder model parameter estimates 

for aCSF and Dex data for consistency and comparison.

Microglia directionality index

The directional preference of microglia’s processes was quantified as an index value 

following Eq. 1. (An index value of 1 represents ramified cells, while an index value of 0 

represents fully activated microglia.) These index values were plotted as a function of 

distance from the probe for aCSF perfused (Fig. 5a) and Dex perfused (Fig. 5b) brain tissue. 

As before, the average index values for all bins were larger for the Dex data except the first 

bin compared to the aCSF data; indicating that under Dex the microglia were less reactive 

than under aCSF perfusate. The two-shoulder function was then used to characterize this 

distribution with the following parameter values: relative amplitude (a), near shoulder (d1) 

and spread (w1), and far shoulder (d2) and spread (w2) (Fig. 5c). For aCSF, a=0.42, d1=1 

μm, w1= 8 μm, d2 = 151, w2 = 62 μm. In contrast for Dex, a=0.81, d1=18 μm, w1=22 μm, 

d2=108 μm, w2=5 μm. Welch’s t-tests were performed on the index data from each bin 

between aCSF and Dex perfused microdialysis probes. Significant differences were 

observed in the 3 bins between 90 μm and 210 μm from the probe surface. The two-shoulder 

model was well-suited to describe the aCSF data (chi-sq=10.9, p<0.0001) compared to a 

linear model (chi-sq=63.2, p<0.001), but the linear model performed similarly to the two-

shoulder model for the aCSF data (two-shoulder chi-sq=6.8, p<0.0001; linear model chi-

sq=7.4, p<0.0001). Nonetheless, the two-shoulder model was able to describe the data and 

the parameter estimates were used for comparison.
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Microglia morphological differences between 1 to 6 hrs post-implantation

While the images acquired prior to 6-hours post-implantation were not analyzed as in 

Figures 3–5, the evolution of the tissue response shows different features depending on the 

perfusate. Microglia with cell bodies that were ~70–100 μm from the surface of aCSF 

perfused microdialysis probe were activated and polarized towards the microdialysis probe 

as expected within 30 minutes post implantation. An unexpected finding was that in all 

aCSF implants the microglia further from the probe (100–200 μm) generally retracted their 

processes over the first 2 hr (Fig. 6). From 2 hr the cells gradually increased thin basal 

processes in a manner consistent with polarization in the general direction of the implant. In 

a small number of exceptions, processes extended towards nearby BBB structures as 

previously shown [33].

In contrast, Dex perfusing microdialysis probes experience a much more limited response. In 

general, microglia that are activated and polarized at 30 min remain activated and polarized 

at 6 hr, while microglia that have radially extended processes at 30 min maintain radially 

projected processes at 6 hrs. As with ramified microglia, the processes continue to move 

surveying the nearby tissue [33]. One notable difference from ramified processes and the 

thin basal processes near aCSF perfusion probes is that the processes around Dex perfused 

probes gradually increase the thickness of their processes and increase the number of thick 

apical processes (Fig 7a). In one situation, microglia around a Dex perfused microdialysis 

probe demonstrated a reduction in processes over the first two hours, and then generally did 

not project new processes over the remaining 6 hours (Fig. 7b). The few processes that these 

cells had were short and thick. While Dex generally decreased microglial activation, some 

unusual morphologies were occasionally detected.

At 6 hr post-implant, microglia around aCSF perfused microdialysis probes had largely 

retracted most of their processes (Fig. 8bc, 9b), compared to normal microglia at the same 

depth [far away from the probe] (Fig. 8a, 9a). In contrast at 6 hr post-implant around Dex 

perfused microdialysis probes, microglia cells generally had processes that were radially 

projected (Fig. 8d, 9c). However, these processes appear to be thicker than ramified 

microglia and had greater apical processes. In one case, the microglia around a Dex 

microdialysis probe had retracted most of their processes and were generally wrapped 

around BBB structures (Fig 8e, 9d). This activation pattern was unrelated to Dex 

concentration, perfusion speed, or inter-animal variability as Figure 8d and Figure 8e were 

tissue reactions from opposite sides of the same probe in the same animal and implant 

location. Careful anatomical and blood flow examination revealed that there was a large 

arteriole on the side of 6d. This arteriole may have also perfused into the tissue region of 6e, 

but was separated by the microdialysis probe due to insertion. Additional research is 

necessary to understand if arterial supply and metabolics are associated with this large 

difference in microglia reaction (Fig. 8de, 9cd).

Discussion

Dex is a popular anti-inflammatory drug. It is a synthetic glucocorticoid or corticosteroid 

which binds more tightly to the Glucocorticoid Receptor than cortisol, a natural 

glucocorticoid synthesized in the adrenal cortex [84]. Cortisol activates a feedback 
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mechanism that upregulates anti-inflammatory proteins, and transrepresses proinflammatory 

transcription factors from entering the nucleus [85]. Furthermore, glucocorticoid receptors 

are expressed in most cells including microglia [86]. These properties have made Dex a 

popular drug to reduce inflammation in a variety of inflammatory diseases and following 

non-brain related surgery [87–93]. Although frequently studied for neural inflammation, its 

direct effect on microglia activation, particularly motility and morphology has not been 

characterized prior to this study.

Radius of microglia activation at 6 hr

In a previous publication, we demonstrated that microglial cells immediately reacted to 

relatively small probes (15 μm × 55 μm) inserted into the cortex [33]. In order to quantify 

and correlate the probability of microglia activation with respect to the distance to the probe, 

a logarithmic binomial generalized linear regression curve was fitted to the distribution (Eq. 

[1]). At 6 hours post-insertion, the probability of microglia being active was 50% (p=0.5 in 

Eq. 3) within a distance (Eq. 3) of 130.0 μm from the probe (β=0.0587, α=−7.630 in Eq. 3):

In contrast, aCSF perfused 300 μm diameter had a p=0.5 value at a distance of 177.1 μm 

(Fig. 3):

The increased p=0.5 may, in part, be due to the increased size of the microdialysis probes. 

When perfused with dexamethasone, the p=0.5 value decreased to 93.0 μm (Fig. 3):

suggesting that the dexamethasone reduced the activation radius of nearby microglia.

Temporal dynamics of microglial response

In all aCSF implants the microglia further from the probe (100–200 μm) generally retracted 

their processes over the first 2 hr (Fig. 6), but then gradually increased thin basal processes 

in a manner consistent with polarization towards the implant. In contrast, tissue around Dex 

perfusing probes experience a much more limited dynamic response between 30 min and 6 

hrs. When compared to silicon microelectrodes an important difference was that the silicon 

does not have a porous surface. However, this alone does not explain the general process 

retraction that occurs at 2 hrs.

Another important difference is that the cross-sectional surface area of each silicon shank of 

the microelectrode was roughly 825 μm2 compared to the 70,800 μm2 of the microdialysis 

probe. The ~90 times increased volume of the implant means much more tissue needs to be 
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displaced to accommodate the probe. In turn, this means more tissue strain is experienced by 

the nearby tissue compared to smaller silicon microelectrodes or carbon fiber implants [34]. 

It is possible that the increased tissue strain leads to increased intracellular pressure and 

negatively impacted normal protein function [94, 95]. Chaperone proteins may respond by 

retracting processes to prevent rupture or tear of processes and maintain lipid membrane 

integrity [96, 97]. Once the pressure equilibrates, at least to some threshold, the cells can 

resume normal function and polarize towards the injury. However, the exact mechanisms and 

their contributions to this dynamic tissue response still need to be studied.

Large microglia morphological differences induced by Dex

Postmortem histological studies have shown that Dex restored blood flow, diminished 

ischemia, minimized neuronal loss, reduced the appearance of extravagated macrophages 

and suppressed gliosis near microdialysis probes implanted in the rat striatum [29]. 

Furthermore, Dex significantly attenuated the loss of dopamine activity in the tissue next to 

the microdialysis probes. Studies such as these confirmed the ability of Dex to mitigate the 

effects of the penetration injury caused by microdialysis probes [22, 28, 29]. Although these 

steroids such as Dex inhibited the production of pro-inflammatory factors, side effects do 

occur [98–101]. Many of these side effects, such as indigestion, were due to systemic 

administration. In contrast, the local administration of Dex rendered it a great candidate to 

reduce the effects of penetration injury by neural probes.

Figures 7a and 7b, 8d and 8e, as well as 9c and 9d showed that Dex can cause large 

differences in microglial morphology that were not necessarily captured by traditional 

microglia activation metrics. While most microglia cells generally had processes that were 

radially projected (Fig. 7a, 8d, 9c), in some instances the microglia around Dex 

microdialysis probes had retracted most of their processes in a near amoeboid morphology 

and were generally wrapped around nearby BBB structures (Fig 7b, 8e, 9d). Beyond the role 

of Dex as an anti-inflammatory drug, glucocorticoids have important roles regulating 

metabolic, arousal, attention, cardiovascular, and homeostatic functions [102–104]. The Dex 

related changes in metabolism may contribute to the thickening of processes and increased 

apical processes compared to ramified microglia, although this remains to be studied (Fig. 

9a&c). Previous research has shown loss of perfusion and evidence of ischemia around the 

implants [33, 34, 105]. When vascular injury during probe insertion is limited, Dex may be 

neuroprotective due to its anti-inflammatory effect. In contrast, if key vascular structures are 

damaged during probe insertion, delivery of oxygen and nutrients (and removal of 

neurotoxic waste products) may be reduced [32], and Dex might exacerbate local ischemia 

due its associated changes in cellular metabolic rate. Additional research should examine if 

these opposing effects of Dex, suppression of inflammation and changes in cellular 

metabolism, contribute to the large difference in microglia response observed in our data.

In order to study if the combination of increased metabolic consumption due to Dex and 

decreased metabolic supply from accidentally damaging arterioles may lead to greater 

metabolic disparity and the associated glial response to nearby BBB, careful anatomical and 

blood flow examination is necessary. Examination of our data revealed that there was a large 

arteriole on the side of 8d. This arteriole may have also perfused blood flow into the tissue 
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region of 8e, but was separated by the microdialysis probe during to insertion. In turn, this 

may have led to reduced oxygen perfusion and metabolic supply to the corresponding tissue 

(Fig. 8e). One possibility is that microglia in Figure 8d appear largely ramified due to the 

maintained proximity to the arteriole. In contrast in Figure 8e, the combination of reduced 

oxygen perfusion from steric separation of the nearest arteriole and increase in metabolic 

consumption may have led to their retraction of processes and encapsulation of the nearby 

blood vessel (capillaries and venuoles). Future research should examine the impact of 

altering arterial vs. venous blood flow on microglia activation around microdialysis probes 

perfused with Dex and aCSF. Arteries and veins can be easily differentiated in the cortex by 

blood flow direction, transgenic labels such as smooth muscle actin (Fig. 10), and 

morphology (Fig. 11). Arterial flow blockage disrupts mostly downstream perfusion while 

venous flow blockage shows significant upstream effects (stagnation). A more controlled 

study is necessary in order to understand the non-uniform microglia injury response patterns 

in the presence of Dex (Fig. 7a&b, 8d&e, 9c&d). Understanding the specific contribution of 

artery and vein injury on electrophysiology recording performance and sensitivity of 

electrochemical sensors over time may also be a key step in understanding the larger inter-

animal and intra-animal variability often reported in the literature [30, 106, 107].

CONCLUSION

This work leads to several significant findings regarding acute microglia response to 

microdialysis probe implantation and effect of retrodialysis of Dex. Implantation of the 

microdialysis probe and aCSF perfusion elicited a delayed but larger activation of microglia 

compared to previously studied microelectrode implants. Dex had a significant effect on the 

radius of microglia activation, morphology, T-stage activation of microglia cells, and 

microglia directionality index. The temporal dynamics of microglial response also showed 

distinct differences between the aCSF control and Dex treated tissue. While many microglia 

appeared non-polarized with unusually thicker processes in the Dex treated tissue at 6 hr, 

some polarized towards nearby BBB. Such non-uniform microglia morphological response 

to Dex highlights the complexity of Dex’s action in the heterogeneous brain tissue-implant 

environment. Real-time live animal imaging enabled us to take an in-depth look at the 

immediate and complex cellular response with high temporal and spatial accuracy. It will be 

of great interest in the future to examine the effect of Dex and other therapeutic candidates 

on penetration injury associated with brain tissue using longitudinal imaging techniques 

[40].
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Figure 1. Experimental Setup
a) Model Z-stack imaging volume with Two Photon Microscopy. Brackets for d–f indicate z-

projections that are parallel to the skull or surface of the brain, while g and h indicate y-

projection and x-projection 3D reconstruction, respectively. b) Schematic of the 

experimental setup. The outer membrane of the microdialysis probe is indicated in blue, 

while the inner fused silica tube is indicated in yellow. The probe is inserted at a 30-degree 

angle to prevent collision with the microscope objective. Arrows indicate direction of 

perfusion flow and passive diffusion of perfusate. c) Because the microdialysis probe is 

inserted at an angle, the footprint of the probe in each acquired xy-image is an ellipse as 

indicated by the cyan and orange. Black and red highlight the optic shadow created by the 

microdialysis probe above. d) The top 50 microns at the surface of the brain is covered with 

large surface macrophages. e–f) 100–150 μm and 150–200 μm Z-projections show ramified 

(normal) microglia with radially extended processes. (d–f) are parallel to the skull. g–h) 100 

μm thick 3D reconstruction side view. White arrows point towards surface of the brain. i) 
Zoomed in image of a ramified (R-stage) microglia and transition stage (T-stage) microglia. 

All scale = 100 μm.
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Figure 2. 
Microdialysis Probe in vivo into the cortex.

a) 100 μm thick Z-projection of a microdialysis probe implanted into the tissue. The image 

is parallel to the skull. Outer membrane and inner fused silica tube is highlighted in white. 

Bleeding can be identified near the top right of the probe where iron in the blood quenches 

fluorescence (indicated by *). Cyan dashed line indicates the volume for 3D reconstruction 

of b–c. b) Side view 3D reconstruction of microdialysis probe. Surface of the brain is the top 

of (b). c) 3D reconstruction of the tissue rotated such that the probe is projecting out of the 

image. Surface of the brain is to the left of (c). Scale = 100 μm.
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Figure 3. 
Dex reduces Microglial Activation. Curves characterize microglia ramification versus the 

distance from the probe. Index = 1 represents all microglial cells being ramified, while index 

= 0 represents all microglial cells being activated around Dex (black, n=8) and aCSF (blue, 

n=8) perfused microdialysis probes. Line is the best fit logarithmic binomial generalized 

linear regression curve. Cyan stars indicate significant difference (p<0.05).
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Figure 4. 
Dex Significantly Reduces Microglial T-Stage Morphology Activation. T-stage morphology 

index where 1 is the ramified state and 0 is the transitional stage of activated microglia. T-

index of individual microglial cells around aCSF (a: blue, n=8) and Dex (b: black, n=8) 

perfused microdialysis probes prior to binning. C) 30 μm binned data with curve fitting. 

Cyan stars indicate significant difference (p<0.05).
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Figure 5. 
Dex Significantly Reduces Microglial Directionality Polarization. D-stage morphology 

index where 1 is the ramified state and 0 is the transitional stage of activated microglia. D-

index of individual microglial cells around aCSF (a: blue, n=8) and Dex (b: black, n=8) 

perfused microdialysis probes prior to binning. C) 30 μm binned data with curve fitting. 

Cyan stars indicate significant difference (p<0.05).
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Figure 6. 
Dynamic microglia reaction around aCSF perfused microdialysis from 0.5 hr to 6 hr. 

Microdialysis probe is outlined in blue. White numbers label static time points, red are 

landmark blood vessels, and green is microglia. Retraction of processes can be identified as 

decrease of green pixels and increase in black pixels from the first to second column. Red 

and green labeled panels on the right show overlap of the two time points (earlier time point 

in red and later time point in green: retraced processes (green), extended processes (red)). In 

these panels, yellow highlight common features while red and green show microglia 

differences between the two time points. Scale = 100 μm.
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Figure 7. 
Dynamic microglia reaction around Dex perfused microdialysis from 0.5 hr to 6 hr. a) 
Typical microglial reaction pattern. b) Rare microglia reaction pattern. Microdialysis probe 

is outlined in blue. Retraction of processes can be identified as decrease of green pixels and 

increase in black pixels from the first to second column. White numbers label static time 

points where red are landmark blood vessels and green is microglia. Red and green labeled 

panels show microglia differences between an earlier time point (red) and later time point 

(green) (retraced processes (green), extended processes (red)). Yellow highlight common 

features. Scale = 100 μm.
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Figure 8. 
Qualitative Morphological Examination (25 μm thick Z-projections). a) Microglia in non-

implanted control tissue shows extended radial processes. b–c) Microglial cells around aCSF 

perfused microdialysis probes show a reduced number of processes that are extended 

towards the probe surface when compared to previous silicon study [33]. d) Microglia 

around Dex perfused microdialysis probes generally maintains greater level of radially 

extended processes. However, these processes typically have thicker basal processes and 

increased apical processes giving a bushier appearance when compared to ramified control 
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(a). e) In one example, microglial cells appeared more amoeboid with substantially reduced 

number of processes. While the number of processes encapsulating the probe is greatly 

reduced, the morphology of these cells appear very differently from a–d. Note: e is the same 

probe and Dex concentration as d (other side of the probe). Microdialysis probe is outlined 

in blue. Scale = 100 μm.
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Figure 9. 
Qualitative Microglial Morphology. Zoomed in images of cells from Figure 8. a) An 

example of ramified microglia showing thin radially expanded morphology. b) Activated 

microglia around aCSF perfused microdialysis probes showing reduced number of basal and 

apical processes and a few elongated processes towards the implant. c) Typical microglia 

around Dex perfused microdialysis probes show radially projected processes similar to 

ramified microglia, however, the processes appear thicker with increased short apical 

processes giving it a “bushier” morphology. d) In one instance around a Dex perfused 

microdialysis probe, microglia show substantially reduced number of processes and greater 

encapsulation of blood vessels. Note: d is the same animal, Dex concentration, and probe as 

(c) (other side of the probe). Scale = 100 μm.
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Figure 10. 
Arteries and Veins. a) Surface vasculature. b) intracortical vasculature below the surface of 

the brain up to a depth of ~500 μm. Veins/capillaries = red. Large arteries (C57BL/6-

Tg(CAG-EGFP)1Osb/J) = cyan. Scale = 100 μm.
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Figure 11. 
950 μm In Vivo 3D BBB Map. a) “Visible” surface vessels (blue), “Invisible” intra-cortical 

small capillaries (green), “Invisible” major arteries and veins (red/yellow). b) Side view 3D 

reconstruction of BBB (white) and “Invisible” major arteries and veins (red). Arteries (A) 

have fewer capillaries around than veins (V), since the blood oxygenation level is generally 

high enough that it does not need capillaries to perfuse nearby tissue. Scale = 100 μm. 

Adapted) with permission from [32]. Copyright 2015 American Chemical Society.
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