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Abstract

Glycofurol (GF) has been used clinically as a solvent for parenteral drug delivery systems. However, the application and
toxicity of GF in the brain have not been reported. This study was carried out to assess the systemic and neurologic
reactions of GF in rats upon intracranial injection. Hematological and neuropathological assessments of rats were
performed during the acute, subacute and chronic period after the injection. Injection of the GF solution (GF 25 uL + PBS
25 ul) into the brain cortex showed that it did not cause any deaths or clinical neurobehavioral abnormalities. At the same
volume as phosphate-buffered saline (PBS) injection, it had mild effects on all hematological data and histopathology of
brain tissues. Nevertheless, histomorphologic assessments of the brain tissues treated with PBS 70 uL revealed different
tissue responses compared with those of 70 uL GF solution (30 uL + PBS 40 uL) where tissues around the administration
site showed elevated polymorphonuclear leukocytes, macrophages and gliosis. These results demonstrated that the GF
solution (GF 25 uL + PBS 25 pl) administration was well tolerated and caused minor inflammatory responses of cerebral

cortex. This suggests possibilities of GF for drug delivery systems in the brain parenchymal tissues.
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Introduction

Delivery of drugs to the central nervous system (CNS)
remains one of the most challenging tasks in the drug deliv-
ery field owing to the presence of the blood-brain barrier
(BBB). Many drug delivery systems have been designed
and developed to overcome the selective permeability and
low transportation across the BBB, which is present as
tight junctions of endothelial cells in the CNS."? Although
systemic delivery of drugs at high doses may result in
drug accumulation in the therapeutic level, undesirable
side-effects are the major concern of drug administration.
Intense efforts have been made to enhance the transpor-
tation of therapeutic agents across the BBB as alternative
strategies for drug delivery to the CNS such as modulation
of the BBB,** nanocarriers”® and drug conjugates.” A
number of devices are currently employed for treatments
of human CNS diseases, for example, intrathecal infusion
of baclofen into the cerebrospinal fluid which was used
for the treatment of spasticity.” In addition, subcutaneously
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implanted Ommaya reservoirs were used to deliver bleomy-
cin into cystic benign brain tumors via a catheter to treat
patients with craniopharyngioma.”°

Interstitial drug delivery to the CNS has also gained con-
siderable attention in the past few decades. As a result, the
development of drug-impregnated implants has been the
main focus for the delivery of therapeutic agents directly to
the brain with improved efficacy and reduced side-
effects.” ™ In 1996, disc-shaped polymer wafers were
approved by the US Food and Drug Administration (FDA)
for the treatment of brain tumors.’*~'® The wafers, 1.4 cm in
diameter and 1 mm in thickness, can be placed inside the
brain cavity after surgery and have a mechanism to release
drugs for 2-3 weeks. An analysis of data involving patients
with malignant glioma over a 10-y span revealed the favor-
able survival in patients who received Gliadel wafer
implants.17 However, cautions have recently been raised
regarding the implantation of the wafers after the lateral ven-
tricles had been opened, resulting in fatal consequences.'®
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Glycofurol (tetrahydrofurfuryl alcohol polyethylene
glycol ether, described herein as GF) has been used as a
solvent for drug-impregnated formulations such as skin
depigmentation, creams and ointments,’® and intranasal
doses of benzodiazepine.® A variety of small-molecule
drugs such as diazepam and phenytoin,” genes* and pro-
teins,”>* can be formulated into injectable solutions using
GF as a solvent. Recently, bioavailability and tolerability
of supersaturated intranasal formulations of diazepam in a
mixture of GF and water has been evaluated in humans.
Results showed 75% bioavailability of the drug.** A high
bioavailability in humans of methadone formulation in
20% GF was observed upon rectal administration, which
can be used as an alternative route for cancer pain and pal-
liative care besides intravenous and oral administration.”
GF was also one of several solvents tested as potentially pre-
cipitating liquid embolics in swine rete mirabile. It was
found that GF induced less severe vasospasm which
resolved faster than commonly used dimethyl sulfoxide.?®
Given its excellent biocompatibility, GF presents as an
excellent alternative solvent for the development of
drug-impregnated formulations or implants. In our labora-
tory, we aim to develop biodegradable brain implants that
can be formed in situ upon an injection of polymer-drug sol-
ution in GF. Unlike solid implants, these implants can form
small or irregular shapes after solidification depending on
the injection site or cavity. This will increase the surface
area between the implant and surrounding tissues which
enhances the uptake of therapeutic agents. Moreover,
these implants do not require large incisions for implan-
tation because of the in situ solidification process.
Although the recommended maximum human dose per
day of GF has been mandated at less than 70 uL/kg,* the
use of GF for drug delivery applications and its toxicology
in the brain have not been previously explored. In this
study, we investigated the systemic and brain tissue reac-
tions of GF after intracranial injection in rats. GF is a good
solvent for several pharmaceutical agents and an under-
standing of its biocompatibility will certainly be very
useful for the development of drug-impregnated brain
implants.

Materials and methods
Materials

Glycofurol and phosphate-buffered saline (PBS, pH = 7.4)
were purchased from Sigma-Aldrich (St Louis, MO, USA).

Animals
Adult male Sprague-Dawley rats (200-250g) were
obtained from the National Animal Center, Mahidol

University and housed in the Laboratory Animal Center,
National Institute of Health, Ministry of Public Health.
Rats were kept separately in an individually pressure-
ventilated cage at a positive airflow of 75 air changes per
hour. The facility was on a 12-h light-dark cycle with an
average temperature of 25°C, 55% humidity and atmos-
pheric air pressure. Rats were fed with CP082 pellets

(Charoenpokapan Co, Bangkok, Thailand) and provided
with sterile water ad Iibitum and woodchip bedding
(Lignocel®, Germany). The animals were acclimatized for
two weeks prior to the experiment. All procedures were
approved by the Institutional Animal Care and Use
Committee of the National Institute of Health
(DMSc-IACUC), Thailand.

Administration of chemicals to rat brains

Rats (n = 48) were anesthetized by an intraperitoneal injec-
tion of xylazine (10 mg/kg) and tiletamine-zolazepam
(40 mg/kg), then randomly assigned to receive different
treatments. The scalp of the animal was shaved, disinfected
and the rat’s brain was stereotactically targeted at the right
frontal cortex using a stereotactic device (Kopf Instruments,
Miami Lakes, FL, USA). A burr hole was made at 3 mm pos-
terior to the bregma and 3 mm lateral to the midline. A
tuberculin syringe containing an injecting solution was
attached to the vertical stereotactic arm. Then the solution
was slowly injected 3 mm deep into the cerebral cortex.
Animals in the control group were injected with either
50 uL (n =12) or 70 uL (n =12) of PBS (pH 7.4). In the
study group (n = 24), 12 animals were injected with a sol-
ution of 25 ul. GF and 25 ul. PBS, while the other 12
animals were injected with a solution of 40 uL GF and
30 uL PBS. The injections were administered at a rate of
5 uL per min. The animal’s body temperature was stabilized
using a temperature-controlled blanket during the pro-
cedure. The scalp was sutured with silk 4-0 continuously.
The animals were kept in the incubator during the recovery
period. Their body weights and activities were monitored
during the experiment.

Daily evaluation

After the injection, the animals were monitored daily to
evaluate their physical and behavioral conditions.
Animals’ response to the treatment was graded according
to the following scale: 0 - no sign of toxicity; 1 - weight
loss; 2 - partial paresis; 3 - total paresis; 4 - premoribund;
and 5 - death. The animals were monitored for 3, 6, 14 or
30 d, after which they were sacrificed for further analyses.

Hematological analysis

During euthanasia of animals, blood samples (~5-7 mL)
were collected by heart puncture using EDTA-containing
vacutainer tubes (BD Vacutainer, Plymouth, UK).
Hematological analysis includes total white blood cell
(WBC) count, red blood cell (RBC) count, hemoglobin con-
centration (HGB), hematocrit (HCT), platelet (PLT) count,
mean corpuscular volume (MCV), mean corpuscular hemo-
globin (MCH) and mean corpuscular hemoglobin concen-
tration (MCHC). The analyses were carried out within two
hours of collection using a Sysmex hematology analyzer
(PocH-100iV Diff, Sysmex, France). P value was calculated
by the SPSS Statistics 17.0 software. A value of less than
0.05 was considered statistically significant.
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Histopathological analysis

After the animals were sacrificed, brains were harvested and
fixed in 10% formalin for 24 h. The brain tissues were sec-
tioned at 5 um and then stained with hematoxylin and
eosin (H&E). The coronal brain section from the targeted
coordinates” was used to compare the histopathology
between the two groups. The histopathological slides were
blinded to the neuropathologist (NL). All procedures relat-
ing to animals in this study were approved by the
Institutional Animal Care and Use Committee of the
National Institute of Health (DMSc-IACUC), Thailand.

Results and discussion

GF has been widely used as a biocompatible solvent for a
variety of pharmaceutical agents such as antiepileptic
drugs,* proteins®* and genes™ because of its excellent bio-
compatibility and solvent property. With the strong interest
in the development of drug-impregnated implants for treat-
ments of brain diseases, GF’s role in such applications could
become more pronounced. An understanding of GF’s bio-
compatibility in the brain upon administration is therefore
necessary. In this study, we investigated the biocompatibil-
ity of GF in rat brains after intracranial injection. GF was
stereotactically administered into the cortex of rat brains.
Sterile solutions of GF or PBS were administered through
a burr hole at 3 mm posterior to the bregma, 3 mm lateral
from the sagittal suture and 3 mm deep from the cortex.
Animal behavior and histopathology were evaluated
during and after the procedure for any signs of toxicity cor-
responding to the chemicals. All animals survived through-
out the course of the experiment and did not show any
behavioral abnormalities caused by local toxicity of GF.
Animals were sacrificed at days 3, 6, 14 and 30. The brains
were then removed and fixed in formalin buffer for histo-
pathological evaluations.

All animals injected with 50 uL of either PBS or GF sur-
vived throughout the experiment without significant
weight loss as a sign of toxicity (Figure 1). The animals
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Figure 1 Animal weight change after administration of PBS and GF.
GF, glycofural; PBS, phosphate-buffered saline
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receiving 50 uL of GF showed a slight weight loss (2.1%)
within two days of the operation. However, the animals
regained their original weights, and subsequently showed
a gradual weight gain. There was no weight loss in the
animals injected with PBS. No abnormal behaviors or
neurological deficits were observed during the course of
the experiment. Increasing the injection volume to 70 uL
drastically affected the weight change profiles of animals
in both PBS and GF groups. Interestingly, animals treated
with PBS showed a lower weight average (the highest
weight loss = 3.16%) than that of animals injected with GF
(the highest weight loss =1.93%). The average weight of
animals in both groups started to increase slightly after
five days.

Hematological analysis (Table 1) demonstrated that PBS
and GF treatments at the injection volume of 50 and 70 uL
did not cause significant effects on the values of RBC,
HGB, HCT, MCV, MCH and MCHC. These hematological
results from the animals injected with PBS were not signifi-
cantly different from those of animals injected with GF (P >
0.05). However, the WBC counts of animals injected with
50 uL of PBS at day 14 was statistically different (P =
0.008) from those of the GF treatment (44.2% reduction) as
shown in Figure 2. The PLT counts of animals injected
with 50 uL of GF at day 30 also showed a statistically signifi-
cant change (P = 0.048) from PBS (12.2% reduction). Lower
injection volume (50 uL) had much less systemic toxicity on
the animals as confirmed by relatively higher WBC and PLT
counts for both PBS and GF injections. Although the WBC
count of GF administration (4.93 x 10° uL.™") was below
the normal value 14 d after the injection, the value increased
and reached the normal value at day 30 (7.57 x 10° uL ™).
PLT counts of animals at days 14 and 30 slightly dropped
to 86.15% and 83.89% of the normal value, respectively. It
should be noted that the RBC counts in both PBS and GF
(50 and 70 uL) injections were above the average number
at days 14 and 30.

Increase in the injection volume from 50 to 70 uL led to
lower hematological values regardless of the type of injected
solution. For example, WBC, RBC and PLT counts at day 30
of animals treated with 70 uL of PBS compared with those
receiving 50 uL. were decreased by 22.73%, 7.74% and
16.83%, respectively. The same trend was observed in the
GF group where the WBC, RBC and PLT counts of
animals injected with 70 uL were 23.38%, 3.04% and
21.14% lower than the values of animals injected with
50 uL. The more pronounced systemic toxicities in animals
injected with 70 uL of solutions prevented the animals
from gaining weight at a normal rate as observed in the
50 uL group. It should be noted that the WBC counts of
animals receiving 70 uL of PBS and GF were higher than
normal values at days 3 and 6 (data not shown).
However, lower values were found when the counts were
performed again at days 14 and 30. Reduction in the WBC
count can occur as a result of a number of conditions. The
cause of low WBC counts in this study was probably
owing to the mobilization of WBC from circulation,
leading to the accumulative pool of WBC at local sites.
Nevertheless, the extent of reduction as mentioned above
was at an acceptable level and did not cause the toxicity.
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Table 1 Hematological data of rats treated with phosphate-buffered saline or glycofurol solution. The injection volume is either 50 or 70 uL

Chemical Time (d)
Hematological data Total volume (uL) PBS GF 14+ P value® 30~ P value®
HGB (g/dL) 50 50 - 16.983 + 0.25 0.185 17.07 + 0.31 0.193
25 25 15.70 + 1.31 16.73 + 0.21
70 70 - 15.50 + 0.71 0.784 14.65 + 0.49 0.204
40 30 15.70 + 0.57 15.30 + 0.00
HCT (%) 50 50 - 51.57 +1.01 0.369 51.23 + 1.02 0.478
25 25 48.57 + 5.08 50.60 + 0.96
70 70 - 47.55 4+ 2.76 1.000 44.90 + 1.70 0.292
40 30 47.55 + 0.78 46.80 + 0.85
MCV (fL) 50 50 - 58.43 + 1.23 0.687 56.67 + 0.12 0.414
25 25 58.10 + 0.50 56.93 + 0.49
70 70 - 55.35 + 1.20 0.542 53.85 + 0.21 0.636
40 30 56.05 + 0.64 54.30 + 1.13
MCH (pg) 50 50 - 19.20 + 0.53 0.421 18.90 + 0.10 0.866
25 25 18.83 + 0.47 18.87 + 0.31
70 70 - 18.05 + 0.64 0.432 17.60 + 0.00 0.728
40 30 18.50 + 0.14 17.80 + 0.71
MCHC (g/dL) 50 50 - 32.87 + 0.21 0.274 33.33 + 0.15 0.203
25 25 32.37 + 0.65 33.03 + 0.31
70 70 - 32.60 + 0.42 0.493 32.60 + 0.14 0.831
40 30 33.05 + 0.64 32.70 + 0.57

PBS, phosphate-buffered saline; GF, glycofurol
“Numbers that are lower than the normal value are shown in italic

TP values were calculated by paired comparison between the PBS and GF groups. A P value of <0.05 was considered statistically significant

RBC counts of animals in both groups were also low after
the injection (below normal values for the PBS group), but
the counts increased above the average numbers after 14
days of the injection. Interestingly, the PLT counts of
animals in both groups were lower than the normal value
over the course of the experiment.

Brain tissues were collected and processed for histopatho-
logical evaluation on days 3 and 6 (acute phase), day 14
(subacute phase) and day 30 (chronic phase) after the
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injection of PBS or GF at 50 and 70 uL which is summarized
in Table 2. In the acute inflammatory response (day 3), PBS
and GF induced mild inflammatory reactions as evident by
increased number of macrophages and polymononuclear
leukocytes (PMN) (Figures 3a-d). In animals treated with
PBS, macrophages and neurons were found within the dis-
organized cortex where no PMN were observed in these
animals (Figures 3a and b). Minimal coagulative necrosis
(approximately 0.2 mm in radius) at the cortical surface
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Figure 2 Percent count changes of WBC, RBC and PLT from animals treated with 50 and 70 nL of PBS or glycofurol solution at day 14 and 30. The percent count
changes were calculated by comparing with the normal values of WBC, RBC and PLT in healthy rats. PBS, phosphate-buffered saline; WBC, white blood cor-

puscles; RBC, red blood corpuscles; PLT, platelets
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Table 2 Histopathology analysis

Histopathological analysis

Injection Injection
Chemical Days volume =50 uL volume = 70 uL
PBS 3 - Few macrophages - Few macrophages

- No PMN - Minimal coagulative
necrosis
(0.4 mm in diameter)

at cortical surface

- Disorganized cortex

Glycofurol 3 - Few PMN - Mild gliosis
(0.25 mm in radius)
- Few macrophages

- Few lymphocytes

- Few macrophages
- Subpial infiltration
(found RBC)

- Few macrophages
(more than day 3)
- Cavity 1 mm in radius

PBS 6 - Few macrophages

- Dying PMN

- Neovasculature

- Neutrophils

Glycofurol 6 - Mild gliosis - Macrophages (more
than PBS)

- Moderate mononuclear - Mild gliosis
leukocytes

- Few PMN - Early formation of

fibrovascular
granulation tissues
- Plasma leak cavity
(surrounded by gliosis)

PBS 14 - No inflammation - Mild gliosis
- Subpial infiltration of - Cavity (1 mm in
inflammatory cells diameter)
Glycofurol 14 - Normal neurons - Mild gliosis
- Few macrophages - Cavity (1 mm in
diameter)

- Gliosis (0.4 mm in
diameter)

- Well-established
granulation tissue, new
blood vessels and
collagen deposition

- RBC with hemosiderin

- Subpial infiltration
(higher than PBS)

- Normal

- Mild gliosis (0.3—

0.6 mm in radius and
2-3 mm in depth)

- Few macrophages

- Normal neurons

- New RBC (less than 3
days)

- Hemosiderin

PBS 30
Glycofurol 30

- Mild inflammation
- Mild gliosis

- Mild inflammation
- Hemosiderin

PMN, polymorphonuclear leukocytes; RBC, red blood cells;
PBS, phosphate-buffered saline

was observed when the injection volume was increased to
70 uL. Figures 3c and d demonstrates the neuropathology
of the brains treated with GF. The subpial layer was found
to be heavily infiltrated by red blood cells along with mild
PMN and macrophages. Increasing the injection volume
from 50 to 70 uL produced more severe damages to the
brains as can be seen from the necrosis in the PBS group
and early mild gliosis (0.25 mm in radius) in the GF group
(Figure 3d). Interestingly, gliosis indications were not
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observed in the brain tissues of animals injected with
50 uL of PBS or GF. An evaluation at day 6 showed an
increase in the number of macrophages and mononuclear
leukocytes compared with those of day 3 in both groups.
Moreover, animals treated with GF solution (50 uL)
started to show signs of mild gliosis around plasma cavity
from the middle to the inner layer of the cortex and glial
cells were observed as indicated by the small dark-blue
color in the area (Figure 3g). Gliosis is a common finding
of non-specific reaction which is most likely caused by post-
inflammatory reaction in this experiment. Even though the
persistence of gliosis generally leads to the formation of
glial scars, the animal health was not considerably affected
as can be seen from their normal behavior, body weight
gain pattern and hematological data. Histological examin-
ation revealed that the acute inflammatory responses
resolved over 14 days after the treatment, where no abnorm-
ality indicating the inflammatory response was found in the
animals treated with 50uL PBS. At this time point, PMN,
which are a characteristic of acute inflammatory disap-
peared and gliosis, became the predominant response.
Unlike the other three groups, the animals treated with
50 uL of PBS showed an absence of gliosis and brain
tissues appeared to be completely healed. Increasing the
injection volume of PBS from 50 to 70 uL caused more
damages to the brains as can be seen from the earlier onset
of gliosis. Interestingly, tissues of the animals injected with
70 uL. of the solutions showed the same size of cavities
(approximately 1 x 1 mm?) around the administration area
which were space-occupying lesions as a result of large injec-
tion volume. These cavities, which were absent in the animals
injected with 50 uL of the solutions, are the most prominent
histopathological sign affecting the animal health such as low
WBC, PLT counts and unusual body weight. Hemosiderin
was also observed as a result of old hemorrhage.

An evaluation at 30 days after the injection showed mild
gliosis and hemosiderin in the GF group. The tissues of
animals injected with 50 uL of PBS revealed a normal histo-
pathological condition where the mild inflammation was
observed at the injection volume of 70 uL. Animal weight
gradually increased after day 14 corresponding to the
absence of cavity in both groups. These data provided
direct evidence of the cavity formation on the animal
health. Although a sign of mild disorganized cortex is notice-
able in both groups, no clinical significance was observed
during the daily housing and there was no evidence of neur-
onal cell death or tissue necrosis (data not shown).

At the injection volume of 70 uL for both groups, all rats
experienced dose-limiting toxicity (DLT) as can be observed
by abnormal body weight, low WBC and PLT counts and
cavity formation. Animal health, hematological and histo-
pathological data confirmed the maximal tolerated dose of
GF solution up to 50 uL (25 uL of GF and 25 uL of PBS) in
rat brains. The injection volume and the amount of GF used
in this experiment were relatively high compared with the
average brain (~2 g) and body weight (200-250 g) of rats.
According to the Eliaz and Szoka™ formulation, 25 uL of
GF could be used to form a poly(lactide-co-glycolide)
(PLGA) implant at the polymer weight of 6.8 mg. The
amount of polymer can be increased further using more
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Figure 3 H&E histological sections of tissues. (a) Day 3, PBS, 20 x, 50 uL; (b) Day 3, PBS, 20x, 70 ulL: the arrows indicate the macrophage within disorganized
cortex; (c) Day 3, GF, 20 x, 50 uL; (d) Day 3, GF, 20 x, 70 uL: the small arrows indicate mild gliosis where a big arrow shows few macrophages; (e) Day 6, PBS, 20 x,
50 pL: the accumulation of macrophages is shown by arrows. The newly formed blood vessels are found as can be observed by the pink lines throughout the
photo; (f) Day 6, PBS, 20 x, 70 uL: macrophages are shown by arrows; (g): Day 6, GF, 20 x, 50 uL: the inset shows a lower magnification image (10 x) indicating
plasma cavity; (h) Day 6, GF, 20 x, 70 nL: a mild gliosis was shown by arrows; (i) Day 14, PBS, 10 x, 50 uL; (j) Day 14, PBS, 10x, 70 uL; (k) Day 14, GF, 20 x, 50 uL:
gliosis (shown by small arrows) and macrophages (shown by big arrows); (I) Day 14, GF, 20 x, 70 uL. PBS, phosphate-buffered saline; H&E, hematoxylin and eosin
stain; GF, glycofural (A color version of this figure is available in the online journal)

concentrated polymer solutions, which is a window of oppor-
tunity for the use of GF in sustained and local delivery of a
variety of therapeutic agents to the CNS.

Conclusion

This study has demonstrated the brain biocompatibility of
GF upon intracranial injection. GF was successfully admi-
nistered into the rat brains by stereotactic surgery. All
animals survived the course of the experiment and did
not show any behavioral abnormalities. It has been shown
that administration of GF solution at 50 uL. (GF 25 uL +
PBS 25 L) in the rat brains was feasible without causing
any systemic or neurological toxicities. The inflammatory
responses to GF did not lead to severe tissue damage as
shown by histopathological assessments compared with
the control group (PBS). The results from this study
suggest that GF could be used for interstitial delivery of

therapeutic agents to the brains for the treatment of neuro-
logical diseases.
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