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          Introduction 

 Cerebral edema is characterized by pathologic increase in 
brain water content, one of the most important mechanisms of 
secondary injury and early mortality after ischemic stroke 
[ 29 ]. Despite the prevalence of this disorder, therapeutic 
options remain limited. In the case of ischemic stroke, cyto-
toxic edema is regarded by many to be the predominant injury 
mechanism in the early phase after stroke [ 13 ]. As injured 
brain tissue swells within the fi xed volume of the skull and 
displaces healthy tissue, intracranial pressure (ICP) rises and 
cerebral perfusion is further decreased. These events promote 
additional ischemic events and herniation syndromes. In the 
clinical setting, the major goal of therapy is to preserve viable 
tissue by reducing ICP and maintaining cerebral blood fl ow. 

 Osmotherapy is the mainstay of treatment for cerebral 
edema [ 6 ]. Hypertonic saline (HS) has many of the proper-
ties of an ideal osmotherapeutic agent in that it is nontoxic 
[ 7 ], only slowly permeates or disrupts the blood-brain barrier 
(BBB) [ 8 ], and promotes the maintenance of intravascular 
volume [ 15 ]. Despite increasing use of HS, there is currently 
no optimized, validated clinical protocol for the treatment of 
cerebral edema. In current clinical practice, a target serum 
osmolality of 310–320 mOsm/L is commonly used. However, 
this target is largely arbitrary and insuffi cient for full thera-
peutic effect [ 6 ]. A number of recent animal studies examin-
ing different dosing strategies have determined that achieving 

higher serum osmolality levels (≥350 mOsm/l) with infusion 
of 7.5 % saline results in a robust attenuation of cerebral 
edema, and is well tolerated [ 7 ,  8 ,  31 ]. 

 Although HS effectively reduces ICP and cerebral edema 
[ 27 ,  31 ], the mechanism of action is not fully understood and 
little is known regarding the net effect on neurodegenerative 
tissue damage. The benefi ts of HS are thought to arise from 
establishment of an osmotic gradient along which water trav-
els from brain tissue into the intravascular compartment [ 8 ]. 
Astrocytic expression of the water channel aquaporin 4 
(AQP4) has been shown to be involved in the rate-limiting 
effect on the bulk fl ow of water across membranes [ 36 ], sug-
gesting that alterations in AQP4 expression and/or function 
may be linked to the therapeutic benefi ts of osmotherapy, 
including HS. 

 Interestingly, reduction of cerebral edema may not be the 
sole mechanism by which osmotherapy could promote tissue 
survival. Clinical data also suggest that HS may attenuate 
infl ammation after brain injury [ 25 ]. Microgliosis is one of the 
most important components of post-stroke neuroinfl ammation 
[ 21 ], characterized by microglial activation that triggers intra-
cellular signaling pathways. The net effect of these processes 
is production of cytotoxic and infl ammatory mediators that 
facilitate tissue injury. Infl ammation has also been linked to 
increased BBB permeability at both early and delayed time 
points after stroke [ 9 ], thereby promoting vasogenic edema 
[ 33 ], peripheral immune cell extravasation into brain paren-
chyma [ 18 ], and cytokine/chemokine production/release [ 14 ]. 

 Targeting arginine vasopressin (AVP) signaling has been 
reported to be an effective osmotherapeutic therapy to reduce 
stroke-induced edema and infarct [ 7 ,  10 ,  17 ]. Evidence sug-
gests that AVP has pro-infl ammatory effects in traumatic 
brain injury and oxidative stress in the brain following dehy-
dration [ 12 ,  30 ]. Conivaptan is a US Food and Drug 
Administration (FDA)-approved pan-AVP receptor antago-
nist and its osmotherapeutic and anti-infl ammatory proper-
ties suggest a potential treatment for stroke. The present 
study was conducted to examine the effect of multiple HS 
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and conivaptan administration strategies on brain edema, 
infarct volume, and neuroinfl ammation after ischemic stroke.  

    Methods 

    Animal Care 

 All animal procedures were conducted in accordance with 
the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals with a protocol approved by the 
Institutional Animal Care and Use Committee at the 
University of South Florida. Male Sprague-Dawley rats 
(300–350 g), purchased from Harlan Labs (Indianapolis, IN, 
USA), were used for the experiments.  

    Laser Doppler Blood Flow Measurement, 
Permanent Focal Ischemia, and Jugular 
Catheter Placement 

 Blood perfusion in the brain was detected using the Moor 
Instruments Ltd. Laser Doppler (Devon, England) with 
MoorLAB proprietary Windows-based software on a stan-
dard laptop as previously described [ 1 ]. Rats that did not 
show ≥60 % reduction in perfusion during MCAO were 
excluded from the study [ 1 ]. 

 MCAO surgery was performed using the intraluminal 
method originally described by Longa et al. [ 22 ] and previ-
ously reported [ 1 ]. An i-STAT handheld clinical analyzer 
was used to measure physiological blood parameters includ-
ing hemoglobin, hematocrit, ionized calcium, glucose, 
sodium, potassium, pH, pCO 2 , HCO 3 , TCO 2 , base excess, 
pO 2 , and O 2 . No differences in these were found between 
groups of rats used in the treatment studies. 

 Following MCAO, the right jugular vein was exposed. 
Using forceps, two pieces of equal length of suture were 
passed under the jugular vein. The more distal suture was 
tied tightly to occlude blood fl ow from the head region. A 
small cut was made into the jugular vein between the two 
ligatures. A catheter fi lled with saline was inserted into the 
vein and threaded 0.5 cm toward the heart. The ligature clos-
est to the heart was tightened around the vein and catheter to 
prevent dislodgement. The ends of the distal ligature were 
tied between the cuffs on the catheter for additional anchor-
age. After confi rming patency, the catheter was tunneled 
subcutaneously and exteriorized at the nape of the neck. This 
incision was closed with a staple. The catheter was fi lled 
with lock solution (saline:glycerol 50:50 ratio). The neck 
was sutured closed and the rat was allowed to wake in a fresh 

cage. Following recovery, animals were randomly assigned 
into treatment groups.  

    Treatment Regimens 

 A series of injections were given intravenous (IV; jugular 
catheter) at 6 and 9 h post-MCAO, then every 4 h starting at 
8:00 AM until 8:00 PM on the fi rst day postoperatively, and a 
single 8:00 AM injection the second day postoperatively for a 
total of seven injections for every rat. Two treatment para-
digms were used with treatment starting at either 6 h (Early) 
or 24 h (Late) post-stroke. The fi ve treatment groups were 
normal saline (0.9 %, NS, control), 5 % saline infusion +5 % 
saline maintenance (HS), conivaptan only (Con), conivaptan 
+5 % saline maintenance (Con + HS), and conivaptan +5 % 
saline bolus +5 % saline maintenance (Con + HSb). The 
experimental dosages were chosen based on a weight-based 
extrapolation of typical human dosages. The initial dose of 
conivaptan was 0.35 mg/kg (0.5 ml of a 0.2 mg/ml stock) 
with follow-up doses of 0.7 mg/kg (0.1 ml). Treatment sched-
ules for each group are summarized (Table  1 ).

       Tissue Preparation and Fluoro-Jade 
Histochemistry 

 Animals were euthanized at 48 h post-MCAO and perfused 
with 0.9 % saline followed by 4 % paraformaldehyde in 
phosphate buffer (pH 7.4). The brains were harvested and 
processed as previously described [ 1 ]. Sections were col-
lected from six bregma points, ranging from 1.7 to −2.3 mm. 
For determination of infarct volume, Fluoro-Jade (Histochem, 
Jefferson, AR, USA) staining was performed to label degen-
erating neurons. This method was adapted from that origi-
nally developed by Schmued et al. [ 26 ] and has been 
subsequently detailed [ 11 ].  

    Immunohistochemistry 

 Immunohistochemistry was performed to detect activated 
microglia [ 12 ]. Sections were incubated overnight at 4 °C 
with mouse anti-rat CD11b antibody (Ox-42; 1:3,000; 
Serotec, Raleigh, NC, USA) in PBS with 2 % goat serum, 
0.3 % Triton X-100. The following day, slides were washed 
with PBS and incubated 1 h at room temperature with horse 
anti-mouse secondary antibody (1:300; Vector Laboratories 
Inc., Burlingame, CA, USA) in antibody solution (2 % 
serum, 0.3 % Triton X-100 in PBS). Slides were then washed 
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with PBS and incubated in Avidin-Biotin Complex (ABC; 
Vector Laboratories Inc.) mixture for 1 h. Next the slides 
were washed and then visualized using a DAB/peroxide 
solution (Vector Laboratories Inc.).  

    Image Analyses 

 Images of the brain sections were taken with a 1× objec-
tive (for Fluoro-Jade and brain edema) on a Zeiss 
Axioskop2 microscope (Carl Zeiss Inc., Thornwood, NY, 
USA) using Open Lab software (Improvision Ltd., 
Lexington, MA, USA). Hemispheric areas were measured 
using Image J software (National Institutes of Health). 
Photomicrographs were processed using Jasc Paint Shop 
Pro to sharpen and enhance contrast to the same specifi ca-
tions for all slides. 

 Fluoro-Jade stained slides were used to calculate infarct 
volume. Total area of positive staining was measured in the 
ipsilateral and contralateral hemispheres for each section. 
The area values for six representative bregma points through-
out the infarct were totaled for each animal, and infarct vol-
umes were calculated as the percent of the contralateral 
hemisphere. 

 For edema, thaw-mounted slides were air-dried overnight 
before imaging. The area of each hemisphere was measured 

and the ventricular areas were subtracted from the hemi-
spheric area. The total adjusted area for each hemisphere was 
determined across all six bregma points, and edema for each 
animal was calculated as a percentage of the contralateral 
hemisphere. 

 For CD11b immunohistochemistry, images were taken 
with a 10× objective. Three regions of the striatum were 
imaged (upper right, middle left, and lower center) for the 
fi rst four bregma points collected (1.7 to −1.3). The area 
fraction of CD11b-positive staining was calculated for each 
image, and data are expressed as the average area fraction for 
each group.  

    Statistical Analyses 

 Data from all experiments were quantifi ed and analyzed 
using GraphPad Prism 6.0 (GraphPad, La Jolla, CA, USA) 
software. For all statistical tests, the threshold for signifi cant 
differences between groups was set at  p  < 0.05. For behav-
ioral tests, signifi cant effects of treatment were determined 
using unpaired, two-tailed  t -tests with Welch’s correction. 
For all other data, main effects were determined using one- 
way or two-way analysis of variance (ANOVA) followed by 
Fisher’s least squares difference test for pairwise compari-
sons between treatment groups.   

   Table 1    Treatment groups and timeline of experimental intervention   

 Treatments’  Surgery day  Post-op day 1  Post-op day 2 

  6 h post - op  “ Early ”  start    6 h post - op    9 h post - op    Every 4 h :  8 AM until 8 PM    8 AM    12 PM  

 NS  1.4 ml NS  1.4 ml NS  1.4 ml NS  1.4 ml NS  E 

 HS  Bolus 2.4 ml HS  1.4 ml HS  1.4 ml HS  1.4 ml HS  E 

 Con  Bolus 0.5 ml 
Con 

 0.1 ml Con  0.1 ml Con  1.4 ml NS  E 

 Con + HS  Bolus 0.5 ml 
Con 

 0.1 ml 
Con + 1.4 ml HS 

 0.1 ml Con + 1.4 ml HS  1.4 ml HS  E 

 Con + HSb  Bolus 0.5 ml 
Con + 2.4 ml HS 

 0.1 ml 
Con + 1.4 ml HS 

 0.1 ml Con + 1.4 ml HS  1.4 ml HS  E 

  24 h post - op  “ Late ”  start    6 h post - op    9 h post - op    8 AM    Every 4 h :  12 pm 
until 8 PM  

  8 AM    12 PM  

 NS  1.4 ml NS  1.4 ml NS  1.4 ml NS  1.4 ml NS  1.4 ml NS  E 

 HS  1.4 ml NS  1.4 ml NS  Bolus 2.4 ml HS  1.4 ml HS  1.4 ml HS  E 

 Con  1.4 ml NS  1.4 ml NS  Bolus 0.5 ml 
Con 

 0.1 ml Con  0.1 ml Con  E 

 Con + HS  1.4 ml NS  1.4 ml NS  Bolus 0.5 ml 
Con 

 0.1 ml 
Con + 1.4 ml HS 

 0.1 ml 
Con + 1.4 ml HS 

 E 

 Con + HSb  1.4 ml NS  1.4 ml NS  Bolus 0.5 ml 
Con + 2.4 ml HS 

 0.1 ml 
Con + 1.4 ml HS 

 0.1 ml 
Con + 1.4 ml HS 

 E 

  The fi ve treatment groups were: Normal Saline (0.9 %, control) [NS], Hypertonic (5 %) Saline [HS], Conivaptan only [Con], Conivaptan + HS 
maintenance [Con + HS], and Conivaptan/HS Bolus + Conivaptan/HS maintenance [Con + HSb] 
  E  euthanized  
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    Results 

    Infarct Volume 

 Infarct volume was measured with Fluoro-Jade staining to 
determine the effi cacy of HS and conivaptan, both alone and 
in combination, when administered either 6 h or 24 h follow-
ing MCAO. Total area occupied by staining was calculated 
for each animal and was expressed as a percentage of Fluoro- 
Jade positive area in the ischemic hemisphere relative to the 
contralateral hemisphere. 

 Both HS and conivaptan elicited protection when 
 administered 6 h after MCAO (Fig.  1 ). NS controls showed 
large expanses of Fluoro-Jade throughout the striatum and 
adjacent cerebral cortex (Fig.  1a ), whereas staining 
appeared markedly reduced in sections from animals 
treated with HS or Con (Fig.  1b, c ). Quantifi cation of total 
infarct volume (Fig.  1d ) showed signifi cant reductions in 
the 6 h HS ( p  = 0.0411,  t  = 1.825) and Con ( p  = 0.050, 
 t  = 1.678) relative to NS controls, whereas there were no 
signifi cant differences in the combined Con + HS 
( p  = 0.0922,  t  = 1.370) or Con + HSb groups ( p  = 0.3296, 
 t  = 0.4489) compared to NS controls.
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  Fig. 1    ( a – c ) Representative micrographs of Fluoro-Jade stained sections 
from rats treated with NS, HS, or Con 6 h after MCAO. Fluoro-Jade 
staining was abundant throughout the striatum and cerebral cortex after 
treatment with NS ( a ), whereas staining was markedly reduced in sec-
tions from rats treated with HS ( b ) and Con ( c ). Quantifi cation of infarct 
volume ( d ) showed signifi cant reductions in rats treated with HS or Con 
( p  < 0.05), whereas there was no signifi cant difference between NS con-
trols and rats that received Con + HS or Con + HSb. * p  < 0.05,  n  = 4−6 per 
group. Scale bars = 2 mm. NS, normal (0.9 %) saline. HS, hypertonic 
(5 %) saline. Con, conivaptan. Con + HS, conivaptan + hypertonic (5 %) 
saline maintenance. Con + HSb, conivaptan/hypertonic (5 %) saline 

bolus + hypertonic (5 %) saline maintenance. Quantifi cation of infarct 
volume in rats treated with NS, Con, Con + HS, or Con + HSb 24 h after 
MCAO ( e ). Data show a signifi cant reduction in infarct volume following 
treatment with HS relative to NS controls ( p  < 0.05), whereas there were 
no signifi cant differences after treatment with Con. Combined treatments 
produced no protective effect, as the Con + HS and Con + HSb groups 
showed no signifi cant differences relative to NS controls. * p  < 0.05, 
 n  = 4–6 per group. NS, normal (0.9 %) saline. HS, hypertonic (5 %) 
saline. Con, conivaptan. Con + HS, conivaptan + hypertonic (5 %) saline 
maintenance. Con + HSb, conivaptan/hypertonic (5 %) saline bolus + 
conivaptan/hypertonic (5 %) saline maintenance       
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   Interestingly, the results from the 24 h post-treatment 
groups were not entirely consistent with those obtained 
from the 6 h groups (Fig.  2 ). Similar to the 6 h treatments, 
animals that received HS 24 h after MCAO showed signifi -
cant reductions in infarct volume ( p  = 0.0207,  t  = 2.217) 
relative to NS controls, while there were no signifi cant 

 differences from controls in the combined Con + HS 
( p  = 0.2722,  t  = 0.6204) or Con + HSb ( p  = 0.4399,  t  = 0.1532) 
groups. However, unlike the 6 h treatment, animals that 
received Con 24 h after MCAO showed no signifi cant dif-
ference in infarct volume ( p  = 0.3753,  t  = 0.3235) compared 
with NS controls.
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  Fig. 2    ( a – d ) Representative micrographs of CD11b immunohistochem-
istry in sections from rats treated with HS or Con 6 h after MCAO, or HS 
24 h after MCAO. Immunohistochemical staining shows a profi le of 
ubiquitous CD11b-positive cells within the striatum of an NS control ( a ) 
that resembles sections from rats treated with HS ( b ,  d ). Treatment with 
Con 6 h after MCAO resulted in reduced numbers of CD11b-positive 
cells ( c ). Quantifi cation revealed a signifi cant reduction in the area occu-
pied by CD11b staining in the 6 h Con group ( p  < 0.05) relative to NS 
controls and HS groups. * p  < 0.05,  n  = 4–6 per group ( e ). Quantifi cation 
of brain swelling in rats treated with HS or Con 6 h after MCAO, or HS 
24 h after MCAO ( f ). Brain swelling was calculated in groups that 

showed effi cacy in reducing Fluoro-Jade staining to assess whether 
edema might account for the observed effects. Data show signifi cantly 
reduced brain edema in 6 h HS, 6 h Con and 24 h HS rats relative to NS 
controls ( p  < 0.05), thus establishing a relationship between neurodegen-
erative injury and brain swelling. * p  < 0.05,  n  = 4–6 per group. NS, nor-
mal (0.9 %) saline. HS 6 h, hypertonic (5 %) saline administered 6 h after 
MCAO. Con 6 h, conivaptan administered 6 h after MCAO. HS 24 h, 
hypertonic (5 %) saline administered 24 h after MCAO. Scale 
bars = 50 μm. NS, normal (0.9 %) saline. HS 6 h, hypertonic (5 %) saline 
administered 6 h after MCAO. Con 6 h, conivaptan administered 6 h after 
MCAO. HS 24 h, hypertonic (5 %) saline administered 24 h after MCAO       
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       Microglia/Macrophage Activation 

 Adjacent sections were immunostained for the microglia/
macrophage cell surface marker CD11b to gain insight into 
the anti-infl ammatory effects of HS and Con (Fig.  2 ). Cells 
labeled with CD11b were abundant in sections from NS con-
trols, particularly throughout the striatum (Fig.  2 a) but also 
within the cortical tissue. Sections from animals treated with 
HS also displayed ubiquitous staining for CD11b (Fig.  2 b, d) 
that resembled those of NS controls. However, sections from 
animals treated with Con 6 h after MCAO showed far fewer 
numbers of CD11b – positive cells, particularly within the 
striatum (Fig.  2 c). Quantifi cation (Fig.  2 e) showed a signifi -
cant reduction in the area occupied by CD11b staining for 
the 6 h Con group relative to NS ( p  = 0.0455,  t  = 1.786), 6 h 
HS ( p  = 0.0091,  t  = 2.651) and 24 h HS ( p  = 0.0031,  t  = 3.450). 
There were no signifi cant differences between the NS con-
trols and 6 h HS ( p  = 0.3231,  t  = 0.4659) or 24 h HS 
( p  = 0.4872,  t  = 0.03247) groups.  

    Brain Swelling 

 Based on initial results, brain swelling was calculated for the 
treatment groups that showed reduced infarct volume to 
determine whether the protective doses of HS and Con also 
reduced brain edema (Fig.  2 f). Brain edema in the ipsilateral 
hemisphere was measured by image analysis and expressed 
as a percentage of the contralateral hemisphere. Consistent 
with the Fluoro-Jade staining, animals that were protected 
from neurodegenerative injury also showed less brain edema. 
HS signifi cantly attenuated brain swelling when adminis-
tered either 6 h ( p  = 0.0015,  t  = 3.434) or 24 h ( p  = 0.0278, 
 t  = 2.102) after MCAO compared with NS controls, and Con 
signifi cantly reduced brain swelling when administered 6 h 
following MCAO ( p  = 0.0221,  t  = 2.197).   

    Discussion 

 The present study evaluated the potential of two therapeutic 
strategies, both alone and in combination, to improve histo-
logical and functional outcomes when administered at clini-
cally relevant time points after stroke onset. Although 
osmotherapy has been shown to be effective in reducing ICP 
and brain edema [ 6 ], studies that assess the relationship 
between these outcomes and neurodegenerative injury pro-
vide varied results [ 5 ,  24 ]. The 6 h HS and conivaptan groups 
showed signifi cant reductions in both infarct volume and 
brain edema relative to controls, linking the effects of limit-
ing edema to reduced cellular injury. Furthermore, HS 

 signifi cantly reduced edema even when administered 24 h 
after stroke onset. These data highlight the importance of 
controlling edema throughout the period of delayed infarct 
expansion [ 13 ] and establish a connection between brain 
swelling, neurodegenerative injury, and survival. 

 The mechanism of action of HS is not fully understood, 
but HS is believed to work primarily by establishment of an 
osmotic gradient along which water travels from brain tissue 
into the intravascular compartment through an intact BBB 
[ 8 ]. While cellular membranes are freely permeable to water, 
diffusion through membranes is relatively slow. For water in 
the capillary lumen to enter the astrocytic compartment in 
the brain, it must pass through three plasma membranes 
(luminal endothelial, abluminal endothelial, and luminal 
perivascular). Aquaporin channels allow cells to modulate 
the rapid bulk fl ow of water across cell membranes. AQP4 is 
the most abundant water channel in the brain. This channel 
has been implicated in the pathogenesis of cerebral edema, 
and also been shown to be a rate-limiter for water infl ux dur-
ing edema formation [ 2 ,  34 ] and water effl ux in the setting of 
an osmotic gradient created by hypertonic saline [ 37 ]. 
Expression levels of AQP4 also correlate with brain water 
content in untreated animals after ischemic stroke [ 35 ]. In 
ischemic stroke studies using transgenic mice, the deletion 
of AQP4 was shown to impair water uptake by ischemic cells 
and led to increased survival with improved neurologic out-
comes [ 23 ]. This is consistent with other studies demonstrat-
ing the neuroprotective effects of limiting edema [ 8 ]. 

 In addition to the effect of osmolar gradients on the devel-
opment of cerebral edema, several lines of evidence suggest 
that AVP plays an important and complementary role. 
Elevated AVP levels have been demonstrated after ischemic 
stroke and other forms of brain injury [ 3 ,  7 ,  17 ]. 
Intracerebroventricular injections of AVP exacerbated acute 
ischemic brain edema, whereas injection of AVP antiserum 
signifi cantly decreased cerebral edema [ 16 ]. Cerebral edema 
after ischemic stroke was also attenuated in vasopressin- 
defi cient rats [ 10 ], while pharmacological AVP receptor 
inhibitors attenuated postischemic cerebral edema [ 4 ,  17 ,  19 , 
 20 ,  28 ]. Indeed, a study by Chang et al. [ 4 ] demonstrated that 
treatment with HS led to a reduction in plasma AVP levels 
following experimental stroke in rats, which supports the 
idea that HS might have limited edema and infarction here 
through modulation of AVP. 

 It has been demonstrated that receptor antagonism of 
V1a, but not V2, reduced infarct volume and brain water 
content while increasing AQP4 expression following 
 experimental stroke [ 28 ]. Conivaptan is a V1 and V2 receptor 
antagonist [ 32 ] that is currently FDA-approved for the treat-
ment of hyponatremia. Based on this mechanism of action, 
conivaptan would be expected to increase serum sodium and 
osmolality, but may also reduce cerebral edema by 
 accentuating AQP4 expression. This potential effect has not 
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yet been investigated. However, the fact that conivaptan was 
 ineffective in reducing infarct volume or edema when admin-
istered 24 h after MCAO suggests that its mechanism of 
action is likely distinct, at least in part, from that of 
HS. Notably, the 6 h conivaptan treatment also decreased 
microglial activation, which is implicated in delayed expan-
sion of the infarct, while initiation of conivaptan treatment at 
24 h did not alter microglial activation/recruitment. 
Vasopressin has been shown to exert pro-infl ammatory 
effects in a model of traumatic brain injury [ 30 ], suggesting 
that conivaptan is blunting the stroke-induced neuroinfl am-
matory response through vasopressin receptor antagonism. 
This fi nding suggests a potential additional mechanism to 
explain the benefi cial effects of conivaptan on survival, tis-
sue injury, and functional recovery that is independent of its 
role in fl uid homeostasis. 

 Our results showed a positive result from HS or conivap-
tan alone but did not show a synergistic effect between HS 
and conivaptan. This suggests that conivaptan should be 
explored as a potentially useful alternative osmotherapeutic 
agent. The pharmacologic properties of conivaptan, that is, 
increasing serum sodium while reducing blood volume, may 
be particularly useful for treating patients who cannot toler-
ate the additional volume load associated with HS, such as 
those with congestive heart failure. In addition, the novel 
fi nding of reduced microglial activation offers a new poten-
tial mechanism to be exploited as means of improving out-
comes after ischemic stroke.     
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