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Dextran has been used extensively in the treatment of clinical  
conditions and as a labeling substance in research settings. 
Dextrans are complex polysaccharides composed of glucose 
molecules and were first administered in the clinical setting in 
1947 as a plasma colloid volume expander.27,32 Dextran 40 has 
been successfully administered epidurally to patients to treat 
persistent postdural-puncture headaches resistant to other treat-
ments.1

Numerous dextran conjugates have been studied with regard 
to the CNS and serve as valuable markers for evaluating the 
integrity of the blood–brain barrier.32 For example, studies ex-
amining the blood–brain barrier in adult short-tailed opossums 
(Monodephis domestica) demonstrated that intraperitoneally ad-
ministered biotin–dextran conjugate was restricted from move-
ment across tight junctions.6 Fluorescently conjugated dextrans 
have been injected directly into the subarachnoid space in adult 
rats to examine communication of spinal subarachnoid space 
with dorsal root ganglia.11 In addition, fluorescent dextran has 
been used in a cat model to demonstrate that the deep lymphatic 
system plays an integral role in clearing large-molecular-weight 
compounds and fluid from the subarachnoid space.2 Radiola-
beled dextran has been administered into the subdural space 
in rhesus macaques to examine infusate distribution and fluid 
movement in convection-enhanced drug distribution.10 Fur-
thermore, previous studies at our facility in which conjugated 
dextran amines were administered into the cerebellomedullary 

cistern of NHP have enabled the evaluation of macrophage  
recruitment into the CNS during AIDS pathogenesis.25

The administration of dextrans is not risk-free, and several 
complications have been noted. Reports of anaphylactic reac-
tions to clinical intravenous dextran therapy have been recog-
nized since the 1960s, and compounds to manage the risk of 
severe dextran-induced anaphylactic reaction were introduced in 
the 1980s.21,35 Parenteral administration of very-high-molecular- 
weight (458-kDa) dextrans was acutely toxic in mice and rats, 
producing emboli, hemorrhage, and infarction across a wide 
dose range. Toxicity was reduced after the administration of 
similar doses of compounds that were lower in molecular 
weight (47 and 7.5 kDa) , with the LD50 of the smallest com-
pound similar to commercial heparin.34 In rabbits, dose-dependent 
toxicity in the form of cachexia and eventual osteoporosis oc-
curred after chronic intravenous administration of low molecular 
weight (3 kDa) dextran solutions.8

Several studies demonstrate a link between administration of 
dextrans directly into the CSF and the development of hydro-
cephalus.18,19 Hydrocephalus is defined as an abnormal condi-
tion in which CSF accumulates in the ventricles of the brain.4,7,28 
This accumulation can be due to the blockage of normal out-
flow of fluid from the brain or the failure of fluid to be absorbed 
into the bloodstream quickly enough.17 As a result, pressure 
increases in the brain, and neurologic symptoms including 
headache, loss of muscular coordination, and ophthalmologic 
abnormalities can develop.3,13,23,29,30

This retrospective report investigates negative sequelae after 
the administration of dextran intrathecally in rhesus macaques 
and evaluates possible dose- or diluent-associated effects. The 
animals described here were assigned to research protocols 
investigating the role of monocytes and macrophages in the 
pathogenesis of simian AIDS, the recruitment of macrophages 
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into the CNS, and associations between aging and inflamma-
tion. Dextran has been used successfully as a labeling agent to 
evaluate the retention compared with turnover of macrophages 
in the CNS.25 Here we report the observation that hydrocephalus  
was present only in NHP that received dextran diluted into 
saline for intrathecal administration, and we discuss possible 
mechanisms for this outcome.

Materials and Methods
Animals. Studies involved in this retrospective analysis 

were conducted at the Tulane National Primate Research Cen-
ter (Covington, LA), which is fully AAALAC-accredited. All 
procedures were IACUC-approved and were performed in ac-
cordance with the Guide for the Care and Use of Laboratory Ani-
mals.9 The animal housing rooms were maintained on a 12:12-h 
light:dark cycle, with a relative humidity of 30% to 70% and a 
temperature of 64 to 84 °F (18 to 29 °C). All animals were fed a 
standard, commercially formulated NHP diet with fruit offered 
at least 3 times weekly, as part of the enrichment program. The 
facility’s records database was examined for all animals that 
received dextran intrathecally. All 51 macaques identified were 
included in this retrospective review.

Dextran administration. Animals were anesthetized with 
tiletamine hydrochloride and zolazepan hydrochloride (5 to 
8 mg/kg IM; Tiletamine–zolazepam, Zoetis, Kalamazoo, MI) 
and placed in either ventral recumbency, with the rear limbs 
positioned in a fully flexed, ‘frog leg’ position, or in lateral 
recumbency. The head was stabilized and ventroflexed, and 
a 22-gauge butterfly catheter was used for the administration 
of dextran. The catheter needle was inserted into the cisterna 
magna until a flow of CSF was initiated. An equal volume  
(1 mL) of CSF was removed prior to the administration of dextran. 
Several formulations of 10,000MW dextran were administered 
(D1820, Fluorescein; D1860, Amino; D22910, Alexa Fluor 488; 
D22914, Alexa Fluor 647; D1817, fluoro-ruby; D1956, biotin; Mo-
lecular Probes, Eugene, OR), after which the macaques were 
monitored for complications. To provide analgesia, buprenor-
phine hydrochloride (0.03 mg/kg IM twice daily; Buprenex, 
Reckitt and Colman, Slough, United Kingdom) was adminis-
tered for 3 d or sustained-release buprenorphine hydrochloride 
(0.2 mg/kg SC; Buprenorphine SR, ZooPharm, Laramie, WY) 
was administered once prior to the procedure.

Pathology. Hydrocephalus was evaluated by making serial 
4-mm coronal sections of the cerebrum to the level of the pons. 
Hydrocephalus was defined and diagnosed in any animal that 
exhibited dilation of the lateral ventricles on coronal sections, as 
determined by a board-certified veterinary pathologist.

Statistics. For descriptive statistics, data were analyzed by us-
ing Prism (version 5, GraphPad Software, La Jolla, CA). When 
possible, odds ratios and 95% confidence intervals were calcu-
lated to identify potentially significant risk factors. Fisher exact 
tests were performed to determine statistical significance, with 
a P value of less than 0.05 used to define significance.

Results
Demographics of study cohort. We examined the clinical re-

cords of the 51 rhesus macaques that received dextran intrathe-
cally between 2004 and 2016. Overall, the 51 subjects ranged 
from 1.9 to 23.4 y of age and weighed between 2.9 and 14.5 kg 
at the time of dextran administration. Specifically, the 33 males 
had a median age of 5.3 y (range, 1.9 to 10.1 y) and weighed 9.2 
kg (2.9 to 14.5 kg); the 18 females had a median age of 8.2 y (5.0 
to 23.4 y) and weighed 6.5 kg (4.9 to 9.7 kg).

Dextran administration. For the entire study population, the 
total dose of dextran administered ranged from 2.25 to 50 mg 
(0.23 to 17.54 mg/kg). Dextran was prepared for injection by 
dilution with either 0.9% normal saline (n = 24) or PBS (n = 27). 
The time between dextran administration and necropsy ranged 
from 0 to 672 d, with a median of 28 d.

Additional research procedures and considerations. The NHP 
were enrolled in a variety of research studies at the time of 
dextran administration. Of the 51 animals in this retrospective 
review, the majority (n = 43, 84.3%) had been experimentally 
exposed to SIV or SHIV, and 36 of these 43 animals (83.7%) 
received intrathecal dextran after virus inoculation. The ma-
caques that received dextran before inoculation, the median 
time between dextran exposure and virus inoculation was 91 
d (310 to 23 d before inoculation). For those that were exposed 
to dextran after SIV or SHIV inoculation, the median time be-
tween dextran administration and virus inoculation was 66.5 d 
(12 to 609 d after inoculation). In addition, 16 of the 43 (37.2%) 
SIV- or SHIV-inoculated animals had undergone depletion of 
CD8+ T cells prior to necropsy, and some (13.7%) received an 
additional macrophage-labeling agent, superparamagnetic iron 
oxide nanoparticles (SPION) intrathecally.

Clinical and pathologic outcomes. Antemortem neurologic 
abnormalities were reported in 7 (13.7%) macaques after intra-
thecal dextran administration. These abnormalities included 
but were not limited to ataxia, head tilt, intention tremors, sei-
zures, proprioceptive defects, paresis, visual impairment, nega-
tive pupillary light response, and dilated pupils. Clinical signs 
developed between 20 and 275 d (median, 86 d) after dextran 
administration. The time between the development of clinical 
signs and necropsy ranged from 0 to 235 d (median, 17 d). Hy-
drocephalus was found in 8 (15.7%) of the 51 subjects at the time 
of necropsy, of which 6 had exhibited clinical abnormalities pre-
viously (Figure 1).

Animals with hydrocephalus. All 8 macaques exhibiting hy-
drocephalus received dextran dissolved in 0.9% normal saline, 
whereas none of the animals given dextran in PBS developed 
hydrocephalus; diluent was identified as a significant risk factor 
(odds ratio, 28.33; 95% CI, 1.53 to 524.00; Fisher exact test, P = 
0.0012; Table 1). Of the 8 hydrocephalic animals, the total dose 
of dextran administered was 50 mg (4.72 to 17.54 mg/kg) in 6, 
23.75 mg (3.13 mg/kg) in 1, and 15.75 mg (4.20 mg/kg) in the 
remaining macaque. In addition, the nonhydrocephalic animal 
that received the highest saline-diluted dose (15.63 mg/kg) had 
no history of virus administration, but excessive CSF was pres-
ent on gross necropsy at 28 d after dextran exposure. These data 
suggest that dose may be an important factor independent of 
diluent; however, when we stratified data to examine the poten-
tial association between the development of hydrocephalus in 
macaques receiving less than 5 mg/kg compared with 5 mg/kg 
or greater, no significant association was revealed (odds ratio, 
0.2897; 95% CI, 0.0604 to 1.39; Fisher exact test, P = 0.1309). All 
8 animals with hydrocephalus were male, and 7 were younger 
than 5 y at the time of dextran administration. We do not have 
sufficient data in the current retrospective review to determine 
whether sex is an independent risk factor regardless of age or 
whether there is an interaction between sex and age. Age (< 5 y, 
≥ 5 y) was significantly associated with hydrocephalus (Fisher 
exact test, P < 0.0001); however, normal differences in the brains 
of juvenile compared with adult macaques might influence this 
statistical association.16,31 Furthermore, 5 of the 8 hydrocephalic 
macaques had also been inoculated with SIV or SHIV. None of 
the 8 animals with hydrocephalus received SPIONs, but 2 had 
a history of CD8+ lymphocyte depletion. Hydrocephalus was 
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not significantly associated with SIV exposure (Fisher exact test,  
P = 0.0993), CD8+ depletion (Fisher exact test, P = 0.6936), or the 
administration of SPION (Fisher exact test, P = 0.5787).

Discussion
Dextran administration reportedly produces hydrocephalus 

due to a hyperosmotic state in the cerebral ventricles, which 
exerts osmotic force on blood and possibly the interstitial fluid 
of the brain, or due to an increase in water influx generated from 
CSF secretion from the choroid plexus in an attempt to equili-
brate any osmotic gradients.19 In addition, dextran can increase 
ventricular volumes when administered at isoosmotic concen-
trations.18 Therefore, the purpose of this retrospective review 
was to relate potential factors associated with hydrocephalus 
observed during studies on SIV–SHIV and macrophage biology 
in rhesus macaques in which dextran was injected into the sub-
arachnoid space. One of our key findings is that only macaques 
that received dextran that had been diluted in saline—and not 
PBS—developed hydrocephalus. On comparing the 2 diluents, 
we found that the osmolarity of PBS and saline are similar (280 
to 315 mOsmol/L and 310 mOsmol/L, respectively), whereas 
the pH of saline is 5.6, but that of PBS is more physiologic (pH 
7.4).

Compared with nonhydrocephalic macaques, those that had 
hydrocephalus received higher doses of dextran in saline. The 

median dose in saline was 2.83 times higher than the median 
dose in PBS (7.38 mg/kg [range, 3.13 to 17.54 mg/kg] compared 
with 2.61 mg/kg [0.23 to 4.76 mg/kg], respectively); however, 
these doses did not differ significantly. In addition, we found 
that the follow-up time was longer for animals that developed 
hydrocephalus than those that did not. Specifically, the median 
time from dextran administration to necropsy for animals that 
exhibited hydrocephalus with saline as the diluent was 111 d 
compared with a median time from dextran administration in 
animals that didn’t display hydrocephalus of 33 d for the saline 
diluent group and 8 d for the PBS diluent group. Whether more 
animals would have developed hydrocephalus had the experi-
mental endpoints occurred longer after dextran administration 
is unknown. Dextran doses for 3 of the animals in the saline 
diluent group that demonstrated hydrocephalus (3.125, 4.2, and 
4.72 mg/kg) were within the dose range of the animals in the 
PBS diluent group, in which none of the animals demonstrated 
hydrocephalus (Figure 2).

An acknowledged theory of CSF production and absorption 
is that these are continuous processes and that CSF is reabsorbed 
back into circulation through the arachnoid villi at the superior 
sagittal sinus.15,19,22,24 This continuous flow produces the ‘sink 
effect,’ which is designed to reduce the steady-state concentra-
tion of molecules penetrating the CSF.22,33 The brain controls its 
internal environment containing CSF by using the blood–brain 

Figure 1. Hydrocephalus discovered at necropsy. (A) Depression of the cerebral cortex, (B) Dilation of the lateral ventricles, approximately 25 
mm cranial to interaural, (C) Loss of brain tissue due to compression by excess CSF, approximately at interaural, (D) Enlarged lateral ventricle.
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barrier. The blood–brain barrier is composed of continuous tight 
junctions of the endothelial cells lining the cerebral blood ves-
sels. These tight junctions seal off intercellular spaces to all but 
very small molecules.33

An intriguing fact was the time of onset of neurologic defi-
cits after dextran administration. Intraventricular injections of 
FITC–dextran (10 KDa) in rats produced significant increases 
in ventricular volumes at the 30-min time point,18 proving that 
increases in CSF osmolarity can lead to a hydrocephalic state. 
Particularly interesting in the rat study is that the ventricu-
lar volumes returned to preinjection volumes at the 24-h time 
point, thus suggesting that 10-kDa dextran is sufficiently cleared 
within 24 h.18 Thereafter the animals included in that study ap-
peared bright, alert and responsive, and maintained weight 
and hydration.18 In another study, rats that had received kaolin 
(aluminum silicate) injections into the subarachnoid space dem-
onstrated rapid asymptomatic progressive enlargement of the 

ventricles during the initial 2 wk after injection and then a more 
delayed symptomatic slow ventricular enlargement until 2 mo 
afterward.12 In addition, kaolin administration into the subdural 
space in rats led to only minimal cognitive deficits, even in ani-
mals with ventricular enlargement, until late in the experiments, 
when animals were necropsied at 9 mo after administration.5 
The macaques we report here exhibited clinical signs after a me-
dian of 86 d after dextran administration. Although this value 
includes a single outlier that didn’t develop neurologic signs 
until 275 d after dextran administration, the earliest that neuro-
logic deficits were apparent was 20 d afterward. The results of 
the 2 kaolin studies described earlier regarding hydrocephalus-
associated neurologic signs better align with the onset of clinical 
signs in the macaques we report here.

The rat study that reported the resolution of increased ven-
tricular volumes at 24 h after intraventricular injection in rats 
prompts the question of why this resolution does not occur in 

Table 1. Summary data stratified by diluent and presence of hydrocephalus

Hydrocephalus No hydrocephalus

Diluent n = 8 n = 43

Dose (mg/kg) Saline 8.4 (3.1–17.5) 7.3 (3.5–15.6)
PBS — 2.6 (0.3–4.8)

Age (y) Saline 3.6 (1.9–6.3) 6.6 (2.0–23.4)
PBS — 6.1 (4.6–12.8)

Time (d) between dextran and necropsy Saline 111 (23–528) 33 (0–672)
  PBS — 8 (0–121)

Clinical signs
  Yes Saline 6 (75%) 1 (2.3%)

PBS — —
  No Saline 2 (25%) 15 (35%)

PBS — 27 (63%)
Sex
  Male Saline 8 (100%) 4 (9%)

PBS — 21 (49%)
  Female Saline — 12 (28%)

PBS — 6 (14%)
Dextran to SIV exposure
  No SIV Exposure Saline 3 (38%) 1 (2%)

PBS — 4 (9%)
  Dextran prior to SIV exposure Saline 4 (50%) 3 (7%)

PBS — —
  Dextran after SIV exposure Saline 1 (13%) 12 (28%)

PBS — 23 (53%)

CD8 depletion?
  Yes Saline 2 (25%) —

PBS — 17 (40%)
  No Saline 6 (75%) 16 (37%)

PBS — 10 (23%)

SPION
  Yes Saline — —

PBS — 7 (16%)
  No Saline 8 (100%) 16 (37%)

PBS — 20 (47%)

Data are presented as the median and the range of observed values or percentage of subjects in a particular group with a given attribute.
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all cases of hydrocephalus that are due to a hyperosmotic state.18 
This outcome might be explained by inflammation caused by 
large-molecular–weight substances. Kaolin, which we suspect 
to be much more inflammatory than dextran, induces hydro-
cephalus and severe inflammation in the CNS, leading to fibro-
sis which may obstruct or otherwise reduce CSF absorption, 
thereby leading to hydrocephalus. In addition, inflammation 
causing scarring and fibrosis of the subarachnoid space has been 
described as a cause of nonobstructive or communicating hy-
drocephalus. Nonobstructive or communicating hydrocephalus 
refers to a condition in which there is no visible obstruction of 
the flow of CSF from the ventricles to the subarachnoid space.26 
In models of communicating or nonobstructive hydrocepha-
lus, dilation of all portions of the ventricular system is exhib-
ited with enlargement of the lateral ventricles proportionately 
greater.26 Increases in CSF outflow resistance increase lateral 
ventricular pressure, causing enlargement of the ventricles, thus 
supporting other work demonstrating that inflammation due 
to foreign substances delivered into the CSF could cause fibro-
sis of arachnoid villi, subsequently impairing CSF absorption, 
thereby leading to communicating or nonobstructive hydro-
cephalus.20,26 Furthermore, changes in the reabsorption of CSF 
into the sagittal sinus at the arachnoid villi is associated with 
hydrocephalus.20

From the earlier-described reports involving the administra-
tion of a foreign, irritative substance such as kaolin and resulting 
inflammation and fibrosis, it is plausible that a large-molecular-
weight dextran might induce inflammation that minimizes or 
inhibits the absorption of CSF. Histologic analyses were per-
formed on 50 of the 51 animals examined, and 16 demonstrated 
histologic abnormalities associated with the meninges. In ad-
dition, 15 of these 16 macaques showed inflammation of the 

meninges, and one animal demonstrated edema of the menin-
ges and dura. These NHP were assigned to infectious disease 
research, and 14 of the 16 macaques with histologic abnormali-
ties were infected with either SIV or SHIV, some of which were 
infected with neurotropic strains of SIV. In addition, 6 of the 16 
animals were treated with CD8+ lymphocyte-depleting anti-
bodies during early SIV infection that would have accelerated 
onset of AIDS and SIV encephalitis. Although it is impossible to 
associate the meningeal inflammation specifically to either the 
experimental infections or dextran, it is also impossible to ex-
clude dextran as a cause of the meningeal inflammation in some 
of these animals. Furthermore, meningeal inflammation caused 
by the infectious disease might have participated in reducing 
CSF absorption.

The hydrocephalic state we describe here likely was multifac-
torial. The administration of large molecules, such as dextran, 
can induce hydrocephalus due to hyperosmolar solutions.14,19 
In addition, infusion of isoosmolar dextran caused increases 
in ventricular volume, possibly due to the saturation of clear-
ance mechanisms that regulate CSF osmolarity.18 Although the 
osmolarity of the dextran solutions administered to the current 
animals were not evaluated at the time of administration, all 
solutions had the same concentrations, for the purpose of pH 
and osmolarity testing, and they were essentially isotonic to 
normal CSF (287 to 296 mOsm/L). Although the presence of 
hydrocephalus and the dose administered were not significantly 
correlated, we determined that macaques with hydrocephalus 
received high doses of dextran. Therefore, the high doses of dex-
tran might have led to the saturation of clearance mechanisms 
combined with inflammation from a large molecular-weight 
compound.

There are limitations to this study, as is the case with most 
retrospective reviews. The study lacked a neuroimaging com-
ponent, which would have provided valuable insight regarding 
the onset of the hydrocephalic state and its persistence; how-
ever, dextran had previously been administered intrathecally at 
a total dose of 25 mg to 21 NHP at our facility with no adverse 
clinical signs noted. These 21 animals had been maintained on 
study from a few hours to 4 mo after dextran administration 
and exhibited no abnormalities on gross necropsy related to the 
use of dextran, including hydrocephalus. In addition, 9 of these 
21 animals had received multiple intrathecal injections of vari-
ous dextran conjugates. As stated earlier regarding the animals 
that displayed clinical signs and hydrocephalus, the median 
time from dextran administration to the onset of clinical signs 
was 86 d, and the median time from dextran administration to 
necropsy was 106 d, well within the 4-mo range of the initial 
study. At that point, there was no indication to include a neuro-
imaging component to the subsequent study protocols.

After hydrocephalus occurred in macaques intrathecally in-
jected with 50 mg of dextran in saline, we interrupted the stud-
ies to evaluate this particular arm of the research protocol. An 
initial controlled pilot study examined the effect of administer-
ing dextran at 1/10 the published dose (reduced to a maximal 
total dose of 2.5 mg) and changing the diluent to PBS.25 This 
modification proved to be safe and effective in labeling macro-
phages. At the time of submitting the current report, we have 
performed dextran administration in 8 animals at the maximum 
dose of 2.5 mg diluted in PBS via intrathecal routes and have 
observed no evidence of hydrocephalus.

Valid questions remain unanswered regarding the cause of 
the hydrocephalus that we have described in this retrospective 
case review. We determined that diluent was a significant risk 
factor in the development of hydrocephalus, and it appears that 

Figure 2. Relationship between dose and diluent of dextran that was 
administered intrathecally and the development of hydrocephalus. 
Red diamonds indicate animals with hydrocephalus.
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dose may be an important factor independent of diluent regard-
ing dextran administered intrathecally and the formation of hy-
drocephalus. Results from the most recent cohort of animals 
that received a maximum dose of 2.5 mg dextran diluted in PBS 
and administered intrathecally appeared to be safe for avoid-
ing the development of hydrocephalus; careful evaluations will 
continue.
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