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Abstract 

Background: Spontaneous intracerebral hemorrhage (ICH) leaves most survivors dependent at follow-up. The 
importance of promoting M2-like microglial responses is increasingly recognized as a key element to ameliorate brain 
injury following ICH. The osmotherapeutic agents, mannitol and hypertonic saline (HTS), which are routinely used to 
reduce intracranial pressure, have been shown to reduce neuroinflammation in experimental ischemic and traumatic 
brain injury, but anti-inflammatory effects of osmotherapies have not been investigated in ICH.

Methods: We studied the effects of iso-osmotic mannitol and HTS in rat models of ICH utilizing high-dose and 
moderate-dose collagenase injections into the basal ganglia, associated with high and low mortality, respectively. We 
studied the effects of osmotherapies, first given 5 h after ICH induction, and then administered every 12 h thereafter 
(4 doses total). Immunohistochemistry was used to quantify microglial activation and polarization.

Results: Compared to controls, mannitol and HTS increased plasma osmolarity 1 h after infusion (301 ± 1.5, 315 ± 4.2 
and 310 ± 2.0 mOsm/kg, respectively), reduced mortality at 48 h (82, 36 and 53%, respectively), and reduced hemi-
spheric swelling at 48 h (32, 21, and 17%, respectively). In both perihematomal and contralateral tissues, mannitol and 
HTS reduced activation of microglia/macrophages (abundance and morphology of Iba1 + cells), and in perihema-
tomal tissues, they reduced markers of the microglia/macrophage M1-like phenotype (nuclear p65, TNF, and NOS2), 
increased markers of the microglia/macrophage M2-like phenotype (arginase, YM1, and pSTAT3), and reduced infiltra-
tion of CD45 + cells.

Conclusions: Repeated dosing of osmotherapeutics at regular intervals may be a useful adjunct to reduce neuroin-
flammation following ICH.
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Introduction
Spontaneous intracerebral hemorrhage (ICH) accounts 
for 15% of all strokes and leaves most survivors depend-
ent at follow-up. Numerous mechanisms of secondary 
injury adversely affect outcomes in this type of stroke [1].

Osmotic agents such as mannitol and hypertonic saline 
(HTS) are mainstays of treatment to mitigate brain swell-
ing and decrease intracranial pressure (ICP) following 
ICH [2]. Apart from brain swelling, outcomes after ICH 
also depend on the inflammatory response of the brain 
to blood-breakdown products [3, 4]. An overexuberant 
inflammatory response in viable perihematomal or more 
remote tissues can cause “bystander” or secondary injury, 
which may worsen outcome.
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Microglial activation is an important determinant of 
the neuroinflammatory response in ICH [5]. Microglia 
respond to ICH by becoming activated and exhibiting 
classic M1-like or, alternatively, activated M2-like phe-
notypes, which in broad terms are characterized by the 
production of proinflammatory or anti-inflammatory 
cytokines and chemokines, respectively. In addition, 
M2-like microglia contribute to hematoma clearance by 
phagocytizing erythrocytes and tissue debris [6]. The 
importance of promoting M2-like microglial responses, 
especially during the recovery phase of ICH, is increas-
ingly recognized as a key element to ameliorate brain 
injury following ICH [5].

Apart from their salutary effects on brain swelling, 
osmotherapeutic agents also have been shown to attenu-
ate inflammation. An increase of 10–20  mOsm/kg in 
plasma osmolality can affect certain functions of immune 
cells, including degranulation [7, 8], reactive oxygen spe-
cies (ROS) production [7, 8], adhesion molecule expres-
sion [8], and phagocytic ability and other functions 
[8–10]. In a middle cerebral artery model of stroke, HTS 
alleviates cerebral edema by inhibiting tumor necro-
sis factor (TNF) and interleukin 1β (IL-1β) secretion by 
M1-like polarized microglia [11], and in rodent models 
of traumatic brain injury, both HTS and mannitol reduce 
neutrophil tissue invasion [12, 13]. To our knowledge, the 
potential effects of osmotherapies on inflammation in 
ICH have not been evaluated.

Here, we studied the effects of mannitol and HTS on 
perihematomal and contralateral neuroinflammation in 
a rat model of ICH. Of the two ICH models most often 
utilized in preclinical work—autologous blood injection 
and collagenase injection—we chose to study the colla-
genase model because it is considered to be more severe 
and it reportedly induces a more robust inflammatory 
response [3, 14, 15], a desirable feature when assessing an 
anti-inflammatory strategy. We used a high-dose (high-
mortality) collagenase model to examine the effects of 
osmotherapies on mortality, and we used a moderate-
dose (low-mortality) collagenase model to study hemi-
spheric swelling and the inflammatory response in brain 
tissues. We studied the effects of osmotherapies admin-
istered repeatedly at regular intervals, rather than in a 
“reactionary” manner to reduce ICP, as typically used in 
the ICU setting.

As expected, based on reported effects of these agents 
on ICP [16–18], both mannitol and HTS reduced mor-
tality and brain swelling. In addition, mannitol and HTS 
suppressed microglial activation and promoted the 
M2-like phenotype in perihematomal and contralateral 
tissues. Our findings reveal a heretofore unrecognized, 
salutary effect of osmotherapies in experimental ICH 
that may merit further evaluation for possible translation.

Methods
Ethics Statement
We certify that all applicable institutional and govern-
mental regulations concerning the ethical use of animals 
were followed during the course of this research. Animal 
experiments were performed under a protocol approved 
by the Institutional Animal Care and Use Committee of 
the University of Maryland, Baltimore, and in accordance 
with the relevant guidelines and regulations as stipulated 
in the United States National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. All efforts 
were made to minimize the number of animals used and 
their suffering.

Subjects and Surgical Procedure
Male Wistar rats, aged 12–16 weeks (325–400 gm, Har-
lan, Indianapolis, IN, USA), were anesthetized (60  mg/
kg ketamine plus 7.5 mg/kg xylazine, intraperitoneal) and 
allowed to breathe room air spontaneously. Core temper-
ature was maintained at 37 °C using a heating pad regu-
lated by a rectal temperature probe (Harvard Apparatus, 
Holliston, MA). Oxygen saturation and heart rate were 
monitored using a pulse oximeter (Mouse Ox™; STARR 
Life Sciences Corp., Oakmont, PA). Surgical incision sites 
were prepared using iodine and alcohol, and a sterile 
environment was maintained throughout the procedure. 
Rats were mounted in a stereotactic apparatus (Stoelting 
Co., Wood Dale, IL, USA). Lidocaine solution (2%) was 
injected prior to making an incision. A midline scalp inci-
sion was made to expose the skull. A 1-mm burr hole was 
made over the right basal ganglia (x, y: + 0.2, − 3.0 mm 
relative to bregma), and the dura was opened sharply. 
The tip of the Hamilton syringe needle was advanced 
to z: − 7.0  mm. Collagenase IV (cat #1889; Sigma; ster-
ile filtered), either 0.035 or 0.055  U in 3.0  μL of sterile 
saline (“moderate-dose” vs. “high-dose,” respectively, 
for “low-mortality” vs. “high-mortality” models), or an 
equivalent volume of saline, was infused into the striatum 
over 10  min. After a 10-min delay to prevent backflow, 
the needle was slowly removed. The hole in the skull was 
sealed with bone wax, and the incision was sutured [15].

Following induction of ICH, the external jugular vein 
was exposed and catheterized using a rodent vascular 
access port with pre-attached 2-Fr silastic catheter (vol-
ume, 130  μL; #72-4375; Harvard Apparatus), with the 
port filled with normal saline (NS). The port itself was 
positioned within a subcutaneous pocket on the dorsal 
thorax and was used for intravenous (IV) administration 
of osmotherapeutic agents. After the surgical procedures, 
rats were given 10 mL of glucose-free NS subcutaneously 
and were nursed on a heating pad to maintain rectal tem-
perature ~ 37 °C until they emerged from anesthesia.
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Exclusions
All animals receiving moderate-dose collagenase (series 
2 and 3, see below) were evaluated at 24  h using the 
vibrissae-elicited forelimb placing test, as described [19]. 
Animals not exhibiting abnormal forelimb placing (5/64 
rats) were considered to have insufficient ICH and were 
eliminated from further study. Necropsy generally was 
performed and invariably confirmed an insufficient or 
misplaced ICH. Excluded animals were replaced with 
new ICH animals of the proper treatment group.

Treatments
Animals were randomized by coin toss to receive either 
no treatment or an equi-osmolar IV infusion of mannitol 
[20%, w/v; 5  mL/kg (1  gm/kg)] or HTS (23.4%; 0.7  mL/
kg) over 3 min [20]. After treatment, the port was flushed 
with NS (250 μL). The first dose of osmotherapeutic was 
administered 5 h after ICH induction (hour 5) and then 
every 12 h thereafter (hours 17, 29, and 41) for 4 doses 
total. Animals were euthanized either 7  h (hour 48) or 
7 days after the 4th treatment.

Sample Size Calculation
We calculated sample size based on the effect size of 
mannitol (1 gm/kg) on ICP reduction in a model of ICH 
reported by Qureshi et  al. [16], with the values they 
reported yielding an effect size (Cohen’s d) of 1.37. We 
calculated sample size using an a priori sample size cal-
culator with the following assumptions: α, 0.05; desired 
power, 80%; anticipated effect size (Cohen’s d), 1.37. Cal-
culations indicated that a minimum of 8 rats/group (one-
tailed hypothesis) would be required for the experiments 
on brain swelling (series 2, see below).

Experimental Series
We studied three series of rats. In series 1, 37 rats under-
went high-dose collagenase injection; they were ran-
domly assigned to receive no treatment (n = 11), IV 
mannitol (n = 11), or IV HTS (n = 15). Animals in this 
series were used to evaluate the effect of treatment on 
mortality at 48 h.

In series 2, 32 rats underwent saline (sham; n = 5) or 
moderate-dose collagenase injection into the striatum 
(n = 27); those with collagenase injection were randomly 
assigned to receive no treatment (n = 8), IV mannitol 
(n = 11), or IV HTS (n = 8); ICH animals in this series 
were used to evaluate the effects of treatment on hemi-
spheric swelling at 48 h (7 h after the 4th dose of manni-
tol or HTS). In addition, 5 sham brains and 5 brains from 
each ICH group, carefully matched for hemorrhage size 
within and between groups, were used to evaluate vari-
ous immunohistochemical markers of inflammation at 
48 h.

In series 3, 27 rats underwent moderate-dose colla-
genase injection into the striatum and were randomly 
assigned to receive no treatment (n = 11), mannitol 
(n = 8), or HTS (n = 8); animals in this series were used 
to evaluate the effects of treatment on neurobehav-
ior at 48  h and 7  days, compared to baseline pre-ICH 
neurobehavior.

Serum Osmolarity
Using normal rats (no ICH), we measured plasma osmo-
larity using a vapor-pressure osmometer (VAPRO5520, 
Wescor) in 9 untreated control rats and in 6 rats per 
group, 1  h after IV infusion of a single dose of either 
mannitol or HTS.

Blinded Outcome Evaluations
Mortality, brain swelling, and neurologic evaluations 
were conducted by investigators blinded to treatment 
group.

Mortality
Rats in series 1 were nursed postoperatively to maintain 
euvolemia and euthermia and were closely monitored 
for neurologic deterioration. Animals judged to be ter-
minal by an experienced investigator blinded to treat-
ment group were euthanized. Some rats were found to 
have died overnight. All remaining rats in this series were 
euthanized at 48 h.

Swelling
Rats in series 2 were euthanized at 48 h, exsanguinated, 
and perfused with 10% neutral buffered formalin. Brains 
were sectioned coronally through the epicenter of the 
ICH and were imaged on a flatbed scanner. Images 
were segmented manually using software (Photoshop) 
to quantify the areas of the ipsilateral and contralateral 
hemisphere, Ai and Ac, respectively. Swelling was com-
puted as Ai/Ac − 1.

Neurodeficit Score
Rats in series 3 underwent neurofunctional testing at 
48 h and 7 days after ICH induction. Neurologic deficits 
were quantified using the Neurologic Deficit Scale, as 
described [21]. Tests included: (1) spontaneous circling, 
graded from 0 for no circling to 3 for continuous circling; 
(2) hind limb retraction, graded from 0 for immediate 
replacement to 3 for no retraction after the limb was dis-
placed laterally; (3) bilateral forepaw grasp, graded from 
0 for normal grasping to 3 for a rat unable to grasp the 
bar at all; (4) contralateral forelimb flexion, graded from 0 
for uniform extension of forelimbs to 2 for full wrist flex-
ion and shoulder adduction when the rat was lifted by the 
base of the tail; and (5) beam walking ability, graded from 
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0 for a rats that readily crossed the beam to 3 for a rat 
unable to stay on the beam for more than 10 s. Scores for 
each component were added for a maximum of 14 (great-
est impairment). The score decreases with recovery.

Vibrissae‑Elicited Forelimb Placing Test
This test was performed as described [19]. A normal rat 
scores correctly 100% of the time, whereas an acutely 
injured ICH rat with a profound unilateral deficit scores 
50%. The score increases with recovery.

Corner Turn Test
This test was performed as described [19].

Immunohistochemistry and Quantification of Specific 
Labeling
Flatbed images of coronal sections of rats from series 2 
were screened to identify 5 from each treatment group 
that were best matched for hematoma size and location; 
tissues from these animals were subsequently processed 
for immunohistochemical evaluation. These brains, 
which had been perfused with 10% neutral buffered for-
malin, were post-fixed 2–3  days in paraformaldehyde, 
cryoprotected with 30% sucrose, frozen in optimal cut-
ting temperature (OCT), and cryosectioned (10 µm).

Immunohistochemistry was performed as described 
[22]. Sections were incubated at 4  °C overnight with 
primary antibodies, including: rabbit anti-Iba1 (1:200; 
cat#019-19741; Wako, Osaka, Japan); goat anti-Iba1 
(1:100; cat#5076; Abcam, Cambridge UK); rabbit anti-
p65 (1:200; cat#sc372; Santa Cruz Biotechnology, 
Santa Cruz, CA); goat anti-TNF (1:200; cat#sc1350; 
Santa Cruz Biotechnology); rabbit anti-NOS2 (1:500; 
cat#482728; Millipore, Burlington, MA); goat anti-argi-
nase (1:100; cat#sc18354; Santa Cruz); rabbit anti-YM1 
(1:50; cat#60130; STEMCELL Technologies, Cambridge, 
MA); rabbit anti-pSTAT3 (Y705; 1:200; cat#9145; Cell 
Signaling, Danvers, MA); and mouse anti-CD45 (1:100; 
cat#202201; BioLegend, San Diego, CA). After several 
rinses in phosphate-buffered saline (PBS), sections were 
incubated with species-appropriate fluorescent sec-
ondary antibodies (Alexa Fluor 488 and 555, Molecular 
Probes, Invitrogen, Carlsbad, CA) for 1  h at room tem-
perature. Controls included the omission of primary 
antibodies.

Unbiased measurements of specific labeling within 
regions of interest (ROIs) were obtained using NIS-
Elements AR software (Nikon Instruments, Melville, 
NY) from sections immunolabeled in a single batch. All 
images for a given signal were captured using uniform 
parameters of magnification, area, exposure, and gain. 
Segmentation analysis was performed by computing a 
histogram of pixel intensity for a particular ROI, and 

pixels were classified as having specific labeling, based 
on signal intensity greater than 2× that of background. 
The area occupied by pixels with specific labeling was 
used to determine the percent area in the ROI with spe-
cific labeling (% ROI). For Iba1, the ROI was a rectangle, 
2500 × 1000 μm, positioned at the lateral edge of the ICH; 
for p65, TNF, NOS2, arginine, YM1, pSTAT3, the ROIs 
were 3 rectangles, 400 × 300  μm, positioned randomly 
on the border of the ICH; for CD45, similar ROIs were 
positioned at the border inside the ICH. For sham ani-
mals, ROIs were placed in the same anatomical regions. 
To quantify M2-like markers (Arg, YM1, and pSTAT3), 
the integrated intensity relative to Iba1 was quantified as 
the sum of pixel fluorescence intensity for a specific label 
divided by the area of Iba1 positivity [23].

Immunoblot
Proteins were extracted from formalin-fixed frozen 
brains (series 2). Rat brain tissue lysates were prepared 
from the dorsal half of a 2-mm-thick coronal slab at the 
epicenter, adjacent to the sections used for immunohis-
tochemistry. Protein extraction was performed using a 
Qproteome FFPE tissue kit (Qiagen, Valencia, CA), fol-
lowing the manufacturer’s instructions. Briefly, tissues 
were homogenized in 100  μL of FFPE solution, incu-
bated on ice for 5 min, following by incubation in a heat-
ing block incubator for 20  min at 100  °C, and 120  min 
at 80  °C, with vortexing every 5  min. Insoluble aggre-
gates were removed by centrifugation, and the resultant 
supernatant was collected. The protein concentration 
was determined using a commercial protein assay solu-
tion (Bio-Rad, Hercules, CA). Protein lysates were used 
for immunoblot analysis of Iba1 (cat#019-19741; Wako 
Chemicals, Richmond VA).

Statistics
Nominal data are presented as mean ± SE. Binary vari-
ables are represented as percentage. Mortality was ana-
lyzed using Fisher’s exact test (one sided). Nominal data 
were analyzed using an ANOVA with post hoc Fisher’s 
comparisons. Statistical tests were performed using Ori-
gin Pro (V8; OriginLab, North Hampton, MA). Signifi-
cance was assumed if P < 0.05.

Results
Mortality, Swelling, and Neurofunction
We first evaluated the effect on plasma osmolarity of 
equi-osmolar mannitol [20%, w/v; 5  mL/kg (1 gm/kg)] 
and HTS (23.4%; 0.7 mL/kg) and infused IV over 3 min 
[20]. Compared to controls, mannitol and HTS increased 
serum osmolarity 1  h after infusion from 301 ± 1.5 to 
315 ± 4.2 and 310 ± 2.0 mOsm/kg, respectively (P < 0.05).
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We studied the effect of the osmotherapies on mortal-
ity using the high-dose collagenase model, which induced 
large hemorrhages with mass effect and midline shift 
(Fig.  1a, left). In untreated ICH rats, mortality at 48  h 
was 82% (9/11 rats) (Fig.  1a, right). Mannitol and HTS 
reduced mortality to 36% (4/11 rats; P = 0.04) and 53% 
(8/15 rats; P = 0.14), respectively.

All subsequent experiments were carried out using the 
moderate-dose collagenase model, which induced more 
moderate hemorrhages with less pronounced with mass 
effect (Fig. 1b, left) and was associated with essentially no 
mortality. We used this model to examine the effect of 
the osmotherapies on hemispheric swelling, which is due 
to both extravasated blood and edema. In untreated ICH 

Fig. 1 Mannitol and hypertonic saline reduce mortality and brain swelling in ICH models. a Image of coronal section of rat brain 48 h after high-
dose collagenase injection (left); note the marked mass effect and midline shift; percent mortality at 48 h (right) in the high-dose collagenase injec-
tion model, in untreated animals (ICH; n = 11), and ICH animals treated with mannitol (+Man; n = 11) or hypertonic saline (+HTS; n = 15); P = 0.09. b 
Image of coronal section of brain 48 h after moderate-dose collagenase injection (left); note the presence of less mass effect and less midline shift 
compared to the high-dose model; swelling at 48 h of the ipsilateral hemisphere (right), computed as Ai/Ac − 1 (see Methods), in the moderate-
dose collagenase injection model, in untreated animals (ICH; n = 8), and ICH animals treated with IV mannitol (+Man; n = 11) or IV hypertonic 
saline (+HTS; n = 8); data are presented as scatter plots and as box plots showing the mean, median, 1st and 3rd quartiles, and the minimum and 
maximum; **P < 0.01 with respect to untreated ICH. C: Neurodeficit score and vibrissae-elicited forelimb placing test (VEEPT) at baseline before ICH, 
and 48 h and 7 days after ICH, in the moderate-dose collagenase injection model, in untreated animals (ICH; n = 11), and ICH animals treated with 
mannitol (+Man; n = 8) or hypertonic saline (+HTS; n = 8); in all cases, significant neurologic deficits were observed with ICH, and no significant 
effects of treatment were observed
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rats, mean swelling of the ipsilateral hemisphere at 48 h 
was 32% (Fig. 1b, right). Mannitol and HTS reduced hem-
ispheric swelling to 21% (P = 0.001) and 17% (P = 0.0004), 
respectively.

Neurologic function was evaluated 48  h and 7  days 
after induction of moderate-dose collagenase ICH. 
Scores on the Neurologic Deficit Scale (Fig. 1c, left), the 
vibrissae-elicited forelimb placing test (Fig. 1c, right), and 
the corner turn test (not shown) were significantly abnor-
mal, compared to baseline, consistent with all included 
animals having sustained a symptomatic ICH and equiv-
alent brain injuries. No differences in neurologic func-
tion were observed between treatment groups at 48 h or 
7 days.

Activation of Microglia/Macrophages
The effects of the osmotherapies on the activation 
of microglia/macrophages were evaluated 48  h after 

induction of ICH using immunolabeling for Iba1. In sham 
animals, Iba1 + microglia were sparsely distributed and 
exhibited a ramified, non-reactive morphology (Fig.  2a, 
b, sham), consistent with a quiescent phenotype. By con-
trast, in perihematomal tissues from untreated ICH rats, 
numerous Iba1 + cells with a plump, activated morphol-
ogy were evident (Fig.  2a, b, ICH) [5]. In perihemato-
mal tissues, treatment with either mannitol or HTS was 
associated with reduced prominence of Iba1 + cells that 
exhibited less plump morphologies (Fig. 2a, ICH + Man, 
ICH + HTS; Fig. 2b, ICH + Man). Quantification of Iba1 
immunoreactivity confirmed a significant increase in 
untreated ICH compared to sham controls, and signifi-
cant decreases in ICH rats treated with either mannitol 
or HTS, compared to untreated ICH (Fig. 2c). Immunob-
lots for Iba1 confirmed the findings obtained with immu-
nohistochemistry (Fig. 2c).

Fig. 2 Mannitol and hypertonic saline attenuate microglial activation ipsilateral and contralateral to the ICH. a–c Immunolabeling at 48 h for Iba1 
ipsilateral to the ICH (moderate-dose collagenase model), shown at low magnification (a) and high magnification (b corresponding to rectangles 
in a), for sham injury, ICH without treatment (ICH), ICH with mannitol treatment (ICH + Man), and ICH with hypertonic saline treatment (ICH + HTS), 
as indicated; the dotted line demarcates the hematoma from perihematomal tissues; the bar graphs show immunohistochemistry data quantified 
as percent region of interest (Iba1% ROI) in the four conditions (c); below the bar graph is shown an immunoblot for Iba1 in the 4 conditions (one 
animal per lane, representative of 3 animals per condition), corroborating the immunohistochemistry data; **P < 0.01 for treatments compared to 
no treatment; n = 5/group. d, e Immunolabeling at 48 h for Iba1 contralateral to the ICH (moderate-dose collagenase model), for ICH without treat-
ment (ICH), ICH with mannitol treatment (ICH + Man), and ICH with hypertonic saline treatment (ICH + HTS), as indicated; the bar graphs show data 
quantified as percent region of interest in the four conditions (e); **P < 0.01 for treatments compared to no treatment; n = 5/group
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ICH can be accompanied by abnormalities in the con-
tralateral hemisphere [24]. In contralateral tissues from 
untreated ICH rats, Iba1 + cells with a plump, acti-
vated morphology were evident (Fig.  2d, ICH), whereas 
treatment with either mannitol or HTS was associated 
with reduced prominence of Iba1 + cells contralater-
ally (Fig. 2d, ICH + Man, ICH + HTS). Quantification of 
Iba1 immunoreactivity in the contralateral hemisphere 
confirmed a significant increase in untreated ICH com-
pared to sham controls, and significant decreases in ICH 
rats treated with either mannitol or HTS, compared to 
untreated ICH (Fig. 2e).

Microglial activation in ICH is characterized by 
NF-κB activation and TNF upregulation. NF-κB signal-
ing was assessed by quantifying nuclear translocation 
of p65 (RelA). In shams, nuclear p65 was undetectable 
(Fig. 3a, sham). In perihematomal tissues from untreated 
ICH rats, nuclear p65 was prominent, especially in 
Iba1 + microglia/macrophages (Fig.  3a, ICH). In perihe-
matomal tissues, both mannitol (Fig. 3a, ICH + Man) and 
HTS (not shown) were associated with reduced nuclear 
p65. Quantification of nuclear p65 in Iba1 + cells con-
firmed a significant increase in untreated ICH, and sig-
nificant decreases with both mannitol and HTS, relative 
to untreated ICH (Fig. 3b).

TNF is a critical downstream target of NF-κB signal-
ing [5]. In untreated ICH rats, TNF was prominent near 
Iba1 + microglia/macrophages (Fig. 3c, ICH) [5]. By con-
trast, in animals treated with mannitol, TNF was mark-
edly reduced (Fig. 3c, ICH + Man), an effect that was not 
evident with HTS (Fig.  3c, ICH + HTS). Quantification 
of TNF confirmed a significant increase in untreated 
ICH and significant decrease with mannitol but not HTS 
(Fig. 3d).

Activated Microglial Phenotype
In ICH, activated microglia can exhibit classic M1-like 
(proinflammatory) or alternative M2-like (anti-inflam-
matory) phenotypes [5]. A classic M1-like signature gene 
is inducible nitric oxide synthase 2 (NOS2) [5, 25]. In 
shams, NOS2 was undetectable (not shown). In perihe-
matomal tissues, NOS2 was prominently expressed by 
Iba1 + cells from untreated ICH rats (Fig. 4a) [5], whereas 
both mannitol (Fig.  4b) and HTS (Fig.  4c) were associ-
ated with reduced NOS2 expression. Quantification of 
NOS2 in Iba + cells confirmed a significant increase in 
untreated ICH, and significant decreases with both man-
nitol and HTS (Fig. 4d).

To determine whether the attenuated microglial acti-
vation observed with mannitol and HTS was associ-
ated with increases in M2-like features, we assessed the 
expression of arginase, YM1, and pSTAT3, all of which 

are characteristic markers of the M2b/c phenotype [5]. In 
perihematomal tissues, expression of arginase, YM1, and 
pSTAT3 was modest in untreated ICH rats (Fig.  5a–c, 
ICH), whereas in both mannitol and HTS, expression of 
arginase, YM1, and pSTAT3 was significantly increased 
in Iba + cells (Fig. 5a–c).

Fig. 3 Mannitol and hypertonic saline attenuate p65 and TNF. a, b 
Double immunolabeling (merged images) at 48 h for Iba1 (green) 
and p65 (red), with nuclear staining by DAPI, ipsilateral to the ICH 
(moderate-dose collagenase model), for sham injury, ICH without 
treatment (ICH), and ICH with mannitol treatment (ICH + Man), 
as indicated; arrows point to p65 + (red) and DAPI + (blue) nuclei 
that appear pink; the bar graphs show quantification of p65 within 
DAPI + nuclei (% of DAPI ROI) in the three conditions indicated (b); 
**P < 0.01 for treatments compared to no treatment; n = 5/group. c, 
d Double immunolabeling (merged images) at 48 h for Iba1 (green) 
and TNF (red), ipsilateral to the ICH (moderate-dose collagenase 
model), for ICH without treatment (ICH), ICH with mannitol treatment 
(ICH + Man), and ICH with hypertonic saline treatment (ICH + HTS), as 
indicated; the dotted line demarcates the hematoma from perihema-
tomal tissues; the bar graphs show quantification of TNF (% of ROI) in 
the three conditions indicated (d); **P < 0.01 for treatments compared 
to no treatment; n = 5/group
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Infiltrating Immune Cells
CD45 is a receptor-linked protein tyrosine phosphatase 
that is expressed on all leukocytes [26] and is often used 
to quantify tissue infiltration of peripheral immune cells. 
In shams, CD45 + cells were undetectable (not shown). 
In perihematomal tissues from untreated ICH rats, 
CD45 + cells were abundant (Fig. 6a, ICH). In perihema-
tomal tissues, both mannitol (Fig. 6b) and HTS (Fig. 6c) 
were associated with reduced CD45 + cells. Quanti-
fication of CD45 confirmed a significant increase in 

untreated ICH, and significant decreases with both man-
nitol and HTS, relative to untreated ICH (Fig. 6d).

Discussion
The principal findings of the present study are that, in 
collagenase models of ICH of two severities: (1) mannitol 
and HTS reduced death and brain swelling, commensu-
rate with reports that osmotherapies reduce ICP [16–18]; 
(2) repeated dosing of mannitol and HTS over the course 
of 48  h after ICH reduced the proinflammatory profile 

Fig. 4 Mannitol and hypertonic saline attenuate nitric oxide synthase (NOS2) expression. a–d Double immunolabeling at 48 h for Iba1 (green) and 
NOS2 (red), ipsilateral to the ICH (moderate-dose collagenase model), for ICH without treatment (ICH) (a), ICH with mannitol treatment (ICH + Man) 
(b), and ICH with hypertonic saline treatment (ICH + HTS) (c); merged images are shown in a, right panel, in b, right panel, and in c; the merged 
images also show nuclear staining with DAPI; the bar graphs show quantification of  NOS2 in Iba1 + cells in the four conditions indicated (d); 
**P < 0.01 for treatments compared to no treatment; n = 5/group



261

in viable perihematomal and contralateral tissues. The 
effects of osmotherapies on ICP were reported previously 
in a canine model of ICH [16], a rodent model with cold 
injury to the brain [17], and a rodent model of subarach-
noid hemorrhage [18], but effects on mortality, swell-
ing, and inflammation in models of ICH have not been 
reported previously.

Mannitol and HTS were highly effective in quelling the 
inflammatory response in perihematomal and contralat-
eral tissues in a rat model of ICH. Both mannitol and 
HTS reduced microglial activation, attenuated M1-like 
features, and promoted the anti-inflammatory, phago-
cytic M2-like microglial phenotype. The effect of man-
nitol and HTS on microglia that we identified in ICH 
tissues is in keeping with reports in rodent models of 
stroke [11] and traumatic brain injury [12, 13].

On some outcome measures, specifically mortality and 
immunoreactivity for TNF and CD45, mannitol appeared 
to be more efficacious than equi-osmolar HTS, suggest-
ing possible involvement of non-osmotic mechanisms. 
Prior studies comparing the two osmotherapies found 
mannitol to be superior to HTS regarding reduced leu-
kocyte recruitment into the injured brain [13], free 
radical scavenging [27], and reduced malondialdehyde 
levels indicative of cellular oxidative damage [28]. Anti-
inflammatory effects of mannitol also have been linked to 
inhibition of lipid peroxidation and inhibition of NF-κB 
complex formation [29].

Tissues contralateral to the ICH exhibited microglial 
activation, and this response was also attenuated by 
osmotherapy. It was previously reported that the colla-
genase ICH model is associated with contralateral edema 
(excess water) [24], but to our knowledge, the present 
study is the first report to show an effect on microglial 
activation contralateral to the ICH. In patients with ICH, 
brain atrophy occurs in both the ipsilateral and contralat-
eral hemispheres [30]. It is tempting to think that atrophy 
in ICH may be related to neuroinflammation, as in other 
conditions, and that this potentially could be targeted by 
osmotherapy.

Guidelines from the American Heart Association/
American Stroke Association recommend using mannitol 
in the context of ICH with increased ICP [31]. Despite a 
variety of observational studies [32, 33], clinical trials [34, 
35], and one systematic review [36], no clear long-term 
benefit of mannitol has been demonstrated. However, in 
these studies, mannitol was invariably administered in a 
“reactionary” manner to treat ICP elevations, with vari-
able doses and durations of treatment. By contrast, the 
approach taken in the present study emphasized repeated 
bolus dosing at 12-h intervals over 48  h beginning 5  h 
after ICH onset, with no regard to ICP. It remains an 
open question whether targeting inflammation using 
repeated dosing of osmotherapeutics would benefit 
humans with acute ICH.

The effects found here with mannitol and HTS resem-
ble effects reported for minocycline, a recognized 
inhibitor of microglial activation. In rat models of ICH, 
minocycline protects the blood–brain barrier and 
reduces edema [24, 37], reduces inflammation [38], and 
selectively inhibits M1 polarization of microglia [39], 
with these effects of minocycline associated with reduced 
neurologic impairment and reduced brain atrophy [37].

The importance of promoting M2-like microglial 
responses, especially during the recovery phase of ICH, 
is increasingly recognized as a key element to amelio-
rate brain injury following ICH [5]. Currently, several 
promising drugs are in early-phase clinical trials for 
ICH, including minocycline, fingolimod, rosuvastatin, 

Fig. 5 Mannitol and hypertonic saline promote the expression of 
M2-like markers. a–c Double immunolabeling (merged images in left 
and middle panels) at 48 h for Iba1 (green) plus arginase (Arg) (a), or 
YM1 (b) or pSTAT3 (c), with nuclear staining by DAPI, ipsilateral to the 
ICH (moderate-dose collagenase model), for ICH without treatment 
(ICH), and ICH with mannitol treatment (+Man), as indicated; the bar 
graphs show quantification of Arg, YM1, and pSTAT3 relative to Iba1 
labeling in the four conditions indicated (right panels); *P < 0.05 and 
**P < 0.01 for treatments compared to no treatment; n = 5/group
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and erythropoietin (reviewed by Lan et al. [5]). All exert 
neuroprotective effects in part by targeting M1-like 
microglial activation and promoting M2-like microglial 
anti-inflammatory prophagocytic responses. The data 
presented here suggest that osmotherapeutic agents 
already approved for use in humans with ICH could 
potentially serve as alternatives to these drugs by simply 
changing the dosing regimens currently used.

This study has shortcomings. We studied only the col-
lagenase model of ICH, and it is possible that different 
findings would be obtained using the autologous blood 
injection model, which reportedly is associated with a 
less robust inflammatory response [3, 15]. The mortal-
ity experiment with the high-dose collagenase model 
was apparently underpowered. Our experiments were 
of short duration, 48 h, and so cannot address important 
longer-term outcomes such as the rate of clot resorption, 
long-term neurofunctional outcomes, or brain atrophy. 
Our experiments did not address the molecular mecha-
nism for the effects on microglia, although we speculate 
that a transcription factor sensitive to osmotic pressure, 
such as TonEBP [40], may be involved in the salutary 
effects observed with the osmotherapeutic agents.

In summary, we found that commonly used osmoth-
erapeutic agents exert potent effects on microglial activa-
tion, attenuating the M1-like phenotype and promoting 
the M2-like phenotype in a manner that resembles the 
effects of bona fide inhibitors of microglial activation 

such as minocycline. Further exploration of the anti-
inflammatory effects of these agents, especially man-
nitol, may be warranted in both preclinical and clinical 
settings.
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