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Abstract
Microdialysis sampling of the brain is an analytical technique with numerous applications in
neuroscience and the neurointensive care of brain-injured human patients. Even so, implanting
microdialysis probes into brain tissue causes a penetration injury that triggers gliosis (the
activation and proliferation of glial cells) and ischemia (the interruption of blood flow). Thus, the
probe samples injured tissue. Mitigating the effects of the penetration injury might refine the
technique. The synthetic glucocorticoid, dexamethasone, is a potent anti-inflammatory and
immunosuppressant substance. We performed microdialysis in the rat brain for 5 days, with and
without dexamethasone in the perfusion fluid (10 µM for the first 24 hrs and 2 µM thereafter). On
the 1st and 4th day of the perfusion, we performed dopamine no-net-flux measurements. On the 5th

day, we sectioned and stained the brain tissue and examined it by fluorescence microscopy.
Although dexamethasone profoundly inhibited gliosis and ischemia around the probe tracks it had
only modest effects on dopamine no-net-flux results. These findings show that dexamethasone is
highly effective at suppressing gliosis and ischemia but is limited in its neuroprotective activity.

Introduction
The significance of brain microdialysis as an analytical technique in neuroscience is well-
established and its application as a tool for the neurointensive care of brain-injured human
patients continues to be explored1–10. The power of microdialysis is attributable to its
several beneficial attributes: the dialysate samples contain a plethora of interesting and
important small molecules,11, 12 (for an extensive review see Westerink and Cremers, 2007)
the technique is relatively simple to perform and compatible with the constraints of intensive
care, the probes are commercially available or easily built in-house, and the dialysis process
prepares the samples for direct, often times on-line, analysis by a broad array of techniques,
such as HLPC, CE, and MS. Microdialysis has contributed significantly to the understanding
of normal brain function, the pathology of brain disorders and injuries, and the actions of
neuroactive drugs, both therapeutic and illicit13–22.

Although microdialysis provides valuable insights into brain chemistry, implanting the
probes causes a penetration injury to the brain tissue23–27 that triggers gliosis (the activation
and proliferation of glial cells)25–28 and ischemia (interruption of blood flow).
Consequently, the tissue sampled by the probe is perturbed from its normal state28.
Understanding, and possibly mitigating, the effects of the penetration injury could be a path
to enhancing the technique, refining its accuracy and precision, extending the viable
microdialysis sampling time window, and enabling deeper insights into the neurochemical
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aspects of brain function. Given that many neurological disorders, while treatable, are
neither preventable nor curable and that the therapies for brain trauma remain limited,
enhancing the chemical information output from brain microdialysis procedures stands to be
highly significant.

In the present study, we examined the effect of dexamethasone on the probe-induced
penetration injury of the rat brain. Dexamethasone is a synthetic, highly potent
glucocorticoid with anti-inflammatory and immunosuppressant activity. Several studies have
demonstrated that gliosis at brain implants is inhibited by dexamethasone-releasing
coatings29–31. Furthermore, Stenken’s group recently reported that dexamethasone inhibits
the immune response to subcutaneous microdialysis probes32. We performed microdialysis
in the rat brain for 5 days with and without dexamethasone in the perfusion fluid. On the 1st

and 4th day of the perfusion we performed dopamine no-net-flux measurements and at the
end of the perfusion we sectioned, stained, and examined the brain tissue by fluorescence
microscopy to assess gliosis and ischemia.

Materials and Methods
The Supplementary Information contains full details of the Materials and Methods for this
study.

Briefly, we performed microdialysis for 5 days in two groups of rats. The rats underwent
aseptic stereotaxic surgery under isoflurane anesthesia to position a microdialysis guide
cannula (MD-2251, Bioanalytical Systems, Inc. (BASi), West Lafayette, IN) over the
striatum. After a four-day post-operative recovery period, the rats were briefly re-
anesthetized with isoflurane and returned to the stereotaxic frame. We slowly (~30 min)
lowered a microdialysis probe (BASi MD-2204) through the guide cannula into the striatum
using the stereotax carrier arm. The probes were perfused continuously for 5 days at 0.610
µL/min by means of a 1.0-mL gas tight syringe (Hamilton, Inc) and a syringe pump
(Harvard Apparatus). In one group of rats the probes were perfused with artificial
cerebrospinal fluid (aCSF) and in the other group the probes were perfused with aCSF
containing dexamethasone-21-phosphate. Upon continuous perfusion with 10-µM
dexamethasone, the rats eventually became agitated and damaged the probe or its connecting
tubing. So, after 24 hrs of perfusion with 10-µM dexamethasone, the concentration was
decreased to 2 µM: this dose did not agitate the animals.

On the first (i.e. starting 24 hrs after probe implantation) and fourth day after implantation of
the probe we performed dopamine no-net-flux measurements33. The probes were perfused
sequentially with 0, 100, 250 and 1000-nM dopamine and 50-µM ascorbic acid as a
preservative for 2 hrs each and 1-hr dialysate samples were collected during the second
hour. The dopamine concentrations in the dialysate samples were determined in triplicate by
capillary HPLC with radial-flow electrochemical detection34–36 On the fifth day the animals
were anesthetized again with isoflurane and were perfused through the heart with saline,
paraformaldahyde, and a suspension of fluorescent nanobeads to mark blood vessels 25, 26.
The brain tissue was cut horizontally into 30-µm thick sections, labeled with antibody to the
glial fibrillary acidic protein (GFAP), a biomarker for astrocytes, and examined by
fluorescence microscopy.

Results and Discussion
Microdialysis probes induce gliosis

GFAP immunofluorescence reveals profound gliosis at the tracks of microdialysis probes
after 5-day perfusions in the rat brain (Fig 1). The GFAP image from the non-implanted
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brain hemisphere (Fig 1A) resembles that from non-implanted rats (Supplementary Fig 2).
Glia surrounding the probe tracks exhibit enlarged cell bodies and thickened and elongated
processes (Fig 1B). The images in Fig 1 extend our previous report that gliosis is evident
after 24-hr perfusions24. These longer perfusions are relevant to the neurointensive care
applications of microdialysis4, 5.

Dexamethasone inhibits gliosis
After 5-day perfusions without dexamethasone microdialysis probes are fully engulfed by a
glial barrier (Fig 2). The glial barriers were continuous around the entire circumference of
the tracks, which maintained their symmetrical shape even when the probes were withdrawn
to section the tissue (Fig 2B). The rigidity of the glial barrier is attributable to the
proteoglycan secretions of activated glia37. Dexamethasone inhibited the gliosis resulting in
a residual, discontinuous, non-rigid glial barrier (Fig 2C). Dexamethasone-perfused tracks
showed more GFAP labeling than non-implanted tissues (Fig 2A) but less than tracks
perfused without dexamethasone (Fig 2B). After perfusion with dexamethasone, the tracks
did not maintain their open circular shape during tissue processing, so they appear distorted
and non-symmetric in the images.

Dexamethasone prevents ischemia
5-day perfusions without dexamethasone caused profound ischemia, as evidenced by a near-
total absence of bead-labeled blood vessels near the probe tracks (Fig 3, right panel).
However, after 5-day perfusions with dexamethasone bead-laden vessels near the tracks
appear essentially normal (Fig 3, left panel). Thus, dexamethasone, in addition to inhibiting
gliosis, also prevented ischemia at the probe tracks.

Objective analysis of GFAP images
Using Metamorph, we converted 9 images (3 non-implanted, 3 without dexamethasone, and
3 with dexamethasone) to color-coded surface intensity plots (see Supplementary Fig 3) and
then to binned intensity histograms (Fig 4). In control images (blue, Fig 4), the majority of
pixels are in the lowest intensity bin (0–43) because GFAP labeling is sparse in these
tissues. Perfusion without dexamethasone decreases the number pixels in the lowest
intensity bin (0–43) and increases the number of pixels in all higher intensity bins (44–255),
reflecting the increased GFAP labeling in these tissues (red, Fig 4). Dexamethasone returned
the number of pixels in the higher intensity bins (>129) to control levels and increased the
number of pixels in the low intensity bins (<128), providing a quantitative measure of the
inhibition of gliosis by perfusion with dexamethasone.

We also used Metamorph to construct line-scan intensity profiles of the GFAP images (Fig
5). The lines were arranged like “spokes” surrounding a “hub” (Fig 5B) centered on the
probe track (in non-implanted control tissue, the hub was centered within the striatum). The
line-scans from non-implanted tissues (blue, Fig 5C) exhibit only minor variations in
intensity with distance from the hub. The line-scans from probe tracks (red and green, Fig
5C) show a region of low intensity near the center of the track where there is no GFAP
labeling: the size of this region is affected by the asymmetry of the tracks (see Fig 2). The
line-scans from tissues perfused with (green) and without (red) dexamethasone show the
profiles of the respective glial barriers. Dexamethasone substantially diminished the height
and width of the glial barrier profile.

Objective analysis of blood vessel images
We also used Metamorph software to compare the number of fluorescent pixels in the blood
vessel images from implanted and non-implanted tissues. The images were centered on the
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striatum (non-implanted controls) or the probe tracks (implanted tissues). The results,
normalized to the average pixel count from six non-implanted controls, show that in tissues
from rats perfused for 5 days without dexamethasone, the number of fluorescent pixels was
reduced to 4.4% (red, Fig 6), reflecting profound probe-induced ischemia. In tissues from
rats perfused for 5 days with dexamethasone, the number of fluorescent pixels was reduced
to 42.8% (green, Fig 6), mainly because the images contained the probe track where blood
vessels are completely absent. Thus, Fig 6 confirms quantitatively that dexamethasone
inhibited probe-induced ischemia.

The effect of dexamethasone on dopamine no-net-flux
Because the impact of dexamethasone on gliosis and ischemia is readily apparent, we
became interested in knowing how the drug might affect microdialysis results. To
investigate this, we measured no-net-flux curves for dopamine, an important
neurotransmitter and the subject of prior microdialysis studies11, 33, 38–41.

Microdialysis extraction curves (see Supplementary Information) are usually linear and
aptly described by the following equation42:

(Eq 1)

where Cin and Cout are the concentrations at the inlet and outlet of the probe, Cext is the
concentration outside the probe, R is the recovery factor, and E is the extraction factor.
Since R and Cext are not separable during in vivo experiments, it is practical to replace
R·Cext with Cout measured when Cin is zero, which is known as the conventional
microdialysis result, Cout,c:

(Eq 2)

According to Equation 2, Cout,c is the inverse of the y-intercept of the extraction curve and E
is its slope. The x-intercept of the extraction curve corresponds to the condition that Cin and
Cout are equal to each other: their common value is called the no-net-flux concentration,
Cnnf

40, 42–44.

Using probes perfused without dexamethasone, the dopamine extraction curves measured on
day 1 and day 4 (red, Fig 7A and 7B) exhibited typical features: the curves were linear with
Cout,c and Cnnf values near 10 nM45 (see also Supplementary Table 1). Dexamethasone had
no significant effect on the values of Cout,c and Cnnf (Supplementary Table 1). To us, this
came as a surprise, as we had anticipated that inhibiting gliosis and ischemia might increase
Cout,c and Cnnf towards the higher in vivo dopamine concentrations we have measured with
microelectrodes38, 46, 47. This suggests that even though dexamethasone inhibited gliosis and
ischemia, it did not protect dopamine terminals from the penetration injury.

Interestingly, however, the extraction curves measured in the presence of dexamethasone
appear to be non-linear (green, Fig 7A and 7B, and Supplementary Table 1). The most likely
explanation for this involves the Michaelis-Menten kinetics of the dopamine transporter, the
protein responsible for the uptake of dopamine by brain tissue. The transporter aids the
extraction of dopamine from the microdialysis probe by enabling nearby brain tissue to take
up dopamine after it diffuses out of the probe, as originally explained by Smith and
Justice48. Since the transporter has a KM value near 200 nM, it is surprising that the
extraction curves are linear, as we observed in the absence of dexamethasone, even when the
Cin values substantially exceed KM. This indicates that the dopamine is diluted by the time it
diffuses to the transporter, such that the transporter does not become saturated with
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dopamine. The non-linear extraction curve observed with dexamethasone, then, suggests
that dopamine more readily diffuses to the transporter, consistent with a reduction of the
glial barrier next to the probe, making it easier to saturate the transporter.

Previous microdialysis studies have concluded that steroid use inhibits dopamine
uptake, 49–52 prompting speculation that steroids possess a cocaine-like activity that
exacerbates their abuse by some users. However, the authors of those prior studies were
likely unaware that steroids might have indirect effects on dopamine uptake due to
alterations in the tissue reaction to the microdialysis probe. This illustrates that hidden
subtleties can impact the interpretation of in vivo analytical measurements.

Conclusion
The results of this study support the conclusion that dexamethasone is highly effective at
preventing the gliosis and ischemia triggered by the penetration injury that accompanies the
implantation of microdialysis probes into brain tissue, while offering relatively little
neuroprotection per se to the dopamine terminals. Nevertheless, we speculate that inhibiting
gliosis and ischemia is likely a necessary component of an overall neuroprotective strategy,
as activated glia destroy neurons and their processes and prevent their regrowth 28, 53. So,
we expect that dexamethasone will contribute to mitigating probe-induced injury, especially
if combined with complementary neuroprotective measures (e.g. the use of glutamate
antagonists, antioxidants, or radical scavengers, etc.). In closing, we note that there may be
restrictions on the uses of dexamethasone, which has failed human trials as a therapeutic
agent for traumatic brain injury: human trials were terminated early because dexamethasone
increased mortality54.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The effect of a microdialysis probe on striatal glial cells labeled with GFAP antibody. A)
Striatal tissue from a non-implanted brain hemisphere (contralateral to the probe). B) Striatal
tissue next to a microdialysis probe track: the edge of the track is on the left side of the
image. The right-hand column shows enlargements of the white boxes in panel B.
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Fig. 2.
Retrodialysis of dexamethasone inhibits gliosis. A) GFAP image of striatal tissue from a
non-implanted hemisphere contralateral to a microdialysis probe. B) GFAP image of a glial
barrier formed after 5 days of microdialysis without dexamethasone. C) GFAP image of a
probe track after 5 days of retrodialysis of dexamethasone.

Jaquins-Gerstl et al. Page 9

Anal Chem. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
A montage of the tissue response after 5 days of microdialysis with (left) and without (right)
of dexamethasone. Note the complete absence of nanobeads in the right hand column,
indicating profound ischemia in this tissue. The position of the microdialysis probe track is
at the far left in both panels.
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Fig. 4.
Comparison of the pixel intensity distribution in images of non-implanted (control) tissue
(blue) and tissue dialyzed without (red) and with (green) dexamethasone. The data are
reported as the mean and standard deviation of the number of pixels in each intensity bin
from three images.
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Fig. 5.
Line scan analysis of GFAP images. A) Non-Implanted control tissue. B) The same image
overlaid with the spoke pattern of lines used to construct the line-scans in C. C) Line scan
intensity profiles obtained from non-implanted control tissue (blue) and from tissue dialyzed
without (red) and with (green) dexamethasone. Data are reported as the mean (solid line)
and the standard deviation (dotted line) of 36 lines per image.
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Fig. 6.
The number of fluorescent pixels in blood vessel images from non-implanted control tissues
(blue) and implanted tissues perfused with (green) and without (red) dexamethasone: the
data are normalized with respect to the average pixel count from the non-implanted controls.
Tissue with and without dexamethasone were significantly different from one another and
from non-Implanted tissue (ANOVA and Tukey posthoc test: F(2,12) = 57.1; p<0.00001).
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Fig. 7.
Dopamine concentration difference plots obtained in the rat striatum on day 1 (A) and day 4
(B) of microdialysis with (green) and without (red) dexamethasone. The data points
represent the mean ± the standard error. The solid lines show the linear regression of the
data obtained without dexamethasone (red) and the quadratic regression of the data obtained
with dexamethasone (green). Insets expand the region near the origin to visualize Cout,c and
Cnnf.
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