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Abstract

To test whether the concentration of the anticonvulsant zonisamide in erythrocytes reflects the brain
concentration and the clinical response of the drug, its pharmacokinetics were studied in nine patients
undergoing surgery for brain tumour. Erythrocyte, total, and free serum concentrations in samples drawn on the
day of brain surgery were compared with levels on a day after the operation. In three patients zonisamide and
its major metabolite, 2-sulphamoylacetylphenol, were also analysed in urine. The area under the curve of the
free and the erythrocyte concentration did not differ between the two study phases whereas the area under the
curve of the total serum concentration was significantly lower on the day of the operation, and this was
associated with significant increases in total clearance (15-4 compared with 12.7mLkg™'h™!, P <0-05,n=9)
and renal clearance (5-4 compared with 3-3mL kg~ 'h™!, P < 0.05, n = 3), and non-significant change in non-
renal clearance (7-7 on the day of operation compared with 8-4mL kg™ h~ ! on the post-operation day, n = 3).
Zonisamide distribution was also altered by the operative procedure, as evidenced by a higher volume of
distribution (1-48 compared with 0-87 Lkg™ ', P < 0-05, n =9). The binding of zonisamide was characterized
on both days. Zonisamide binding to erythrocytes seemed to occur by two processes: a saturable process and a
non-saturable linear process. The maximum binding capacity to erythrocytes (31-6 vs 29-7 ugmL ") did not
differ on the two days; bowever, increases in the dissociation binding constant (+28%) and the proportionality
constant (+24%) were observed on the day of the operation, suggesting that the zonisamide concentration in
erythrocytes was greater on the day of the operation.

Brain surgery appears to be one of the possible factors altering the rate of elimination of zonisamide and the

uptake of the drug by erythrocytes.

The prophylactic administration of antiepileptic drugs (AEDs)
to patients undergoing brain surgery is a standard practice.
Characterization of the pharmacokinetics of AEDs during
surgical procedures is therefore necessary for their clinical use.
We have previously reported the pharmacokinetic properties of
valproic acid during brain surgery, and showed that there was
an alteration in valproic acid disposition on the day of the
operation (leiri et al 1995). No information is available for
other AEDs in this situation, however. In recent years, zoni-
samide (3-sulphamoylmethyl-1,2-benzisoxazole) has been
developed and used clinically for the treatment of various
types of epilepsy in Japan (Sackellares et at 1985; Wilensky et
al 1985). The disposition kinetics of zonisamide differ from
those of valproic acid. Zonisamide undergoes some metabol-
ism involving glucuronic acid conjugation, acetylation, and
hydroxylation: in a preliminary study in man, unchanged
zonisamide (30-50% of the dose) and glucuronide of 2-sul-
phamoylacetylphenol (10~20% of the dose) were detected with
a minor component of acetylated zonisamide in urine, and only
the unchanged zonisamide was detected in plasma (lIto et al
1982; Matsumoto et al 1983). Zonisamide has low plasma
protein binding to albumin, of the order of about 50% (Peters
& Sorkin 1993) and it is highly bound to erythrocytes within
the therapeutic range (Matsumoto et al 1989a). The drug
concentration in erythrocytes has been claimed to reflect the
brain concentration and the clinical response of the drug
(Garver et al 1977, Casper et al 1980). This study was designed
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to investigate the effects of brain surgery on the pharmacoki-
netic properties of prophylactic zonisamide.

Materials and Methods

Patients

The pharmacokinetics of zonisamide were evaluated in nine
adults undergoing surgery for brain tumours. Individual patient
variables are listed in Table 1. All patients received zonisa-
mide (Exceglan; Dainippon Pharmaceutical, Japan), given in
the moming for at least 2 weeks before the operation as pro-
phylaxis against postoperative epilepsy. None of the patients
had taken other antiepileptic drug(s) which could have inter-
fered with zonisamide kinetics, and none showed any evidence
of liver or renal dysfunction during the study period. Written
informed consent was obtained from all patients, and the
protocol of the study was approved by the local ethics com-
mittee.

Sampling

On the day of the operation, blood samples were taken at
08:00h, just before drug administration, and at 2-h intervals for
the first 4h then collection at 8, 10, 14 and 24 h after drug
administration. On the 4th to 8th day after the operation, when
the patients had recovered from surgery, blood samples
(approximately 3-5 mL) were taken at 09:00 h, just before drug
administration, and thereafter 2, 4, 8, 12, and 24h after drug
administration. The sampling time protocol was modified
slightly according to the patient’s clinical situation. In three
patients, urine samples were collected for 24h after drug
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Tablc 1.
Patient number:
1 2 3 4 5 6 7 8 9
M M M F F F M F F
Se¥. (years) 1 30 50 69 60 40 50 s 37 53
A‘°~sannid° dose (mgkg ~'day™") 23 35 33 34 2.2 1.9 3.3 36 3.7
of operation (h) 83 6-6 3.9 4.8 5.5 4.7 6-5 6-0 9.8
Liood foss (@) 500 200 600 600 910 500 600 55 800
Urine volume (mL) 1900 1800 1200 900 1300 1400 400 700 2200
Volume of intravenous fluid (mL) 3800 3200 3000 2350 2450 2900 1300 2900 4250
terval between day of operation
and post operation day 8 7 6 4 4 4 7 4 6

administration and the volume was recorded on both days.
Serum and urine samples were stored at — 20°C and ery-
throcytes were stored at 4°C until assayed.

Treatment

All surgical procedures were started at approximately 10:00 h.
Anaesthesia was induced in all patients with oxygen and
pitrous oxide in combination with fentanyl (11-8£7-Opg
kg~!, meanks.d) and droperidol (0-14+0-04mgkg™").
Muscle paralysis was induced with vecuronium (0-18 +£0.06
mgkg_l). Atropine (0-5mg) and nitrazepam (5-5+0-8mg)
were given as premedication on the night before the day of the
operation. During the operation all patients received 1.3 to
4.3L of intravenous fluid containing glucose and electrolytes.
None received concentrated red blood cells.

Measurement of drug concentration

The concentrations of zonisamide and 2-sulphamoylacetyl-
phenol in samples were measured in duplicate by high per-
formance liquid chromatography (HPLC). Venous blood was
collected in a plain syringe and the serum was separated at
room temperature. The serum (1mL) was centrifuged for
10min at 3000revmin™' (10°C), using an ultrafiltration
technique (Amicon Micropartition MPS-3 System; Amicon,
Danvers, MA, USA) to obtain unbound zonisamide.

For HPLC analysis of total and free serum zonisamide
concentrations, phosphate buffer (100 mM, pH6-8; 1.0mL),
containing allobarbital as internal standard, was added to the
sample (0-1mL). The mixture (1 mL) was poured into an
Extrelut-1 column (E. Merck). After 10 min, the column was
eluted with tert-butyl methyl ether (3-0mL). The eluate was
dried and then dissolved in methanol (100 uL); 20-pL volumes
Were injected into the chromatograph consisting of a Shimadzu
(Kyoto, Japan) LC-10A system equipped with a LC-10AS
Ppump and an SPD-10A UV detector. The column
(’Smm x 4mm id.) was a LiChro-Cart HPLC Cartridge
superspher RP-18, 4-um particle diameter (E. Merck). The
column temperature was ambient. The mobile phase was 20%
Methanol. The flow rate was 1.2mLmin~', and the eluates
Were monitored at 210 nm.

For HPLC analysis of urine, phosphate buffer (100 mM,
PH5.0; 1-0mL), containing allobarbital as internal standard,
Wwas added to urine (0-1 mL). Because the amount of free 2-
Sulphamoylacetylphenol in the urine sample was too low to be
detected, the hydrolysis of the 2-sulphamoylacetylphenol
Conjugate was performed before the assay. 2-Sulphamoylace-

tylphenol glucuronide in the urine sample was treated with 400
units of f-glucronidase at 37°C for 18h, after which the
mixture (1-0mL) was poured into an Extrelut-1 column.

Fresh heparinized whole blood was centrifuged, and the
plasma removed. For HPLC analysis of erythrocyte zonisa-
mide concentrations, distilled water (0-15mL) and methanol
(0-95mL), containing allobarbital as internal standard, were
added to erythrocytes (0-2mL). The resulting mixture was
shaken for 10 min and centrifuged at 3500 rev min ~"' for 5 min.
The supernatant (0-1mL) was mixed with phosphate buffer
(100mM, pH6-8; 1-0mL), and 1.0mL of the mixture was
poured into an Extrelut-1 column.

The sensitivity of the zonisamide assay in samples was
50ngmL ™ '; the intra- and inter-assay coefficients of variation
were 1-9 and 1-4%, respectively. The respective values for the
2-sulphamoylacetylphenol assay in urine were 50ng mL~",
2-5%, and 0-3%.

Pharmacokinetic analysis

Zonisamide pharmacokinetic parameters were estimated by
appropriate compartment modelling and by model-independent
methods. The areas under the zonisamide concentration-time
curves (AUC) were calculated by the trapezoidal rule from 0 to
24h after drug administration. Steady-state conditions were
confirmed by comparison of the concentrations 0 and 24h
post-administration: a non-significant difference between these
two levels was taken as an evidence that a steady state had
been achieved. Total clearance (CL,) was calculated according
to the equation CL, = dose/AUC;, where AUC; is the AUC of
the total serum concentration and dose is the daily dose
(mgkg~™ !y, Zonisamide renal clearance (CL,) was determined
by dividing the amount of zonisamide excreted into the urine
during a collection interval by the AUC; for that interval.
Because the formation of 2-sulphamoylacetylphenol is medi-
ated by P4503A (Nakasa et al 1993) and isoxazole cleavage of
zonisamide probably occurs in the liver and also the gut wall,
non-renal clearance (CL,) was estimated from the equation
CL,,=CL, — CL,. The elimination rate constant (k.) was
estimated by least squares regression analysis from the term-
inal post-distributive phase of the serum concentration-time
curve, after which the apparent volume of distribution (Vd)
was calculated from Vd = CL/k..

The binding parameters for zonisamide to erythrocytes were
estimated by non-linear least squares regression from the
equation C, =B, X C/ky+Cs)+k x C,, where C. is the
erythrocyte concentration of zonisamide, B, is the maximum
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binding capacity (ug mL "), C, is the serum concentration of
zonisamide, kg is the dissociation binding constant (ug mL ™ b}
and k is the proportionality constant relating to the serum
concentration of zonisamide (Boddy et al 1989).

Statistical analysis

Statistical comparisons were made with Student’s paired #-test.
All values were expressed as means =+ standard deviation (s.d.),
and probability values of < 5% were considered significant.

Results

The mean = s.d. zonisamide concentration—time profiles on the
day of the operation and on the post-operation day are shown
graphically in Fig. 1. Although the free zonisamide con-
centrations in serum (Cy) and erythrocytes concentration (C,)
did not differ between these two study phases, the mean total
zonisamide concentration in serum (C;) on the day of the
operation was lower than that on the post-operation day
throughout the observation period. The pharmacokinetic
parameters are summarized in Table 2. The mean AUC; and
AUC, were not significantly different between the day of the
operation and the post-operation day. In contrast, the mean
AUC, was significantly lower on the day of the operation,
associated with significant increases in CL, and Vd.

Urinary excretion of zonisamide and 2-sulphamoylacetyl-
phenol could be measured for three of the nine patients only;
the results are shown in Table 3. The mean urinary recovery,
over 24 h, of zonisamide was significantly higher (40-5% of the
administered dose) on the day of the operation than on the
post-operation day (25-9%). The mean urinary excretion of 2-
sulphamoylacetylphenol tended also to be higher on the day of
the operation. The mean renal clearance of zonisamide
(5-4mLkg~'h™') on the day of the operation was sig-
nificantly higher than that (3:3mLkg~'h~!) on the post-
operation day. In contrast, the non-renal clearance did not
differ between the two study phases. Renal elimination of
zonisamide was considered to be faster on the day of the
operation, as indicated by the greater renal clearance and the
greater fraction excreted unchanged in the urine over the col-
lection period compared with those parameters obtained on the
post-operation day.

The plots of zonisamide concentration in erythrocytes
against that in serum are shown in Fig. 2; the binding para-
meters for zonisamide to erythrocytes are given in the inset of
the figure. Zonisamide was markedly concentrated in ery-
throcytes, with both saturable and non-saturable components,
as previously described by Matsumoto et al (1989b). The B yax
on the day of the operation was comparable with that on the
post-operation day, but the estimated k and k4 values on the
day of the operation were higher than the postoperative values.

Discussion

In this study, there were no significant differences between
values of AUC; and AUC, on the day of the operation and
those the post-operation day. AUC, was, on the other hand,
significantly lower on the day of the operation than on the post-
operation day. The CL, values obtained from the samples on
both days were similar to those reported for epileptic patients
not undergoing surgery (Wilensky 1984; Ojemann et al 1986),
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FIG. 1.

Mean zonisamide concentration—time groﬁles on the day of
the operation (O) and the post-operation day (

).

but the mean CL, on the day of the operation was significantly
higher than the mean post-operation value.

As demonstrated, the mean renal elimination of zonisamide
was 1-6 times faster on the day of the operation than on the
post-operation day. It is well known that the urine flow rate is
higher in the hydrated condition than in the non-hydrated
condition, and this can affect the renal excretion of various
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Table
Patient number:
1 2 3 4 5 6 7 8 9 Mean +s.d.
under the total  Day of operation  329-1 2360 228-3 3387 1142 412 3456 475.6 3534 273.6*+133:5
Arcd m concentration— Post-operation day 353.0  304.2 4286 3842 1212 477 4047 588.0 4106 3380t 1640
time curve,
(ughml )
under the free  Day of operation 211.0  165-1 141-6 208-8 64-6 184 1801 2656 2053 162-:3+77-5
nu-ation-ti_n}e Post-operation day 197-5  204.7 2334 2355 61-1 227 2030 2804 2300 185-4+856
curve (ughmL™")
Area under the Day of operation -t 11587 1046-1 11107 9340 7143 8563 1652.4 13945 1108-4+300-8
yte concen-  Post-operation day -t 1074-8  1223.6 11028 9023 7369 9444 16373 14164 1134.31+300-1
mﬁon—ti[ﬂe curve
(ughmL D
clearance Day of operation 694 14.61 14.60 1009 1946 45.00 9.41 751 10-58 15.44*+11.75
Total
(mLkg—lh—l) Post-operation day 648 1134 778 890 1834 38.86 8.04 6-07 911 12.67+10-51
Al nt volume of Day of operation 1.15 2:26 3.42 1.07 0-82 1-16 0-81 1.38 1.27 1.48*+0-84
distributionf Post-operation day  0-89 0-79 0-63 0-87 1-10 0-85 0-83 1.06 078 087%£0-15
Lkg™)
tio of the area Day of operation 0-64 0-70 0-62 0-62 0-57 045 0-52 0.56 0-58 0-58*+0.07
Ra
under the free con-  Post-operation day ~ 0-56 0-67 054 0-61 0-50 048 0-50 048 056 0-541+0.06

centration—time
curve to that under
the total serum con-
centration—time
curve

*P < 0-05 compared with the data on the post-operation day. No data. {Calculated from the total serum concentration.

Table 3.

Urinary excretion and estimated renal and non-renal clearance on day of operation and post-operation day.

Patient number:

5 7 9 Mean+s.d.

Urinary excretion of zonisamide as Day of operation 411 389 41-6 40-5*+1-4

percentage of the dose administered Post-operation day 328 19-9 252 259465

Urinary excretion of 2-sulphamoyl- Day of operation 53 57 129 80143

acetylphenol as percentage of the Post-operation day 1.8 4.9 2.5 31+16
dose administered

Renal clearance (mLkg~'h™") Day of operation 8.0 3.7 5-4 54%+2.3

Post-operation day 6-0 1-6 2.3 33+24

Non-renal clearance (mLkg~'h™?) Day of operation 11.0 53 6-6 77+£30

Post-operation day 12.0 6-4 67 84132

*P < 0-05 compared with the data on post-operation day.

drugs and other substances (Faruq et al 1990; Voltonen et al
}993); there is, nevertheless, no simple explanation for the
Icreased renal excretion of zonisamide on the day of the
Operation, because the fundamental mechanisms of excretion
are not well understood. Because zonisamide is partially
€xcreted by the kidneys (30-50% of the administered dose), it
15 conceivable that the increased urinary flow rate resulting
from the administration of intravenous fluid during surgery
Might account for the partial increase. Indeed, the urine flow-
Tate on the day of the operation was significantly higher than
that on the post-operation day in the three patients for whom
We obtained this measurement (2.7 +0-7 Lday~' compared

with 1-4+0-4 Lday~', P <0.01). It remains unclear, how-
ever, why the excretion of 2-sulphamoylacetylphenol in this
situation was also high. In contrast with the CL,, the estimated
non-renal clearance including hepatic clearance, did not differ
between the two study days. The lack of a significant effect of
brain surgery on zonisamide non-renal clearance was our most
surprising result. Although the number of patients studied is
too small to reach a definite conclusion, our findings suggest
that the increase in CL; on the day of the operation might, in
part, have been a result of the increased CL,.

Sulphonamides such as zonisamide with aromatic sub-
stituents have a high affinity for carbonic anhydrase and are
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of zonisamide, and the binding parameters to erythrocytes on the day
of the operation (O) and the post-operation day (@). B.ax, kg and k
indicate the maximum binding capacity (ug mL™ "), dissociation bind-
ing constant (ug mL ™), and proportionality constant, respectively, for
the serum concentration.

thereby concentrated in erythrocytes to a significant extent,
because these cells contain a large amount of the enzyme
(Maren 1976; Funakoshi & Deutsch 1968). Matsumoto et al
(1989a) reported two uptake processes for zonisamide, satur-
able binding to carbonic anhydrase and non-saturable dis-
tribution, and they revealed that not only carbonic anhydrase
but also other erythrocyte proteins were responsible for the
concentration of sulphonamides in human erythrocytes. The
saturable, high-affinity component corresponds to the binding
of zonisamide to carbonic anhydrase and the non-saturable,
low-affinity component corresponds to the binding of zonisa-
mide to other proteins.

In this study, the dissociation binding constant and the
proportionality constant were higher on the day of the opera-
tion, indicating that the zonisamide was concentrated in ery-
throcytes to a greater extent on this day than on the day after.
Several factors during surgery, such as anaesthetic agents,
volume repletion, and fluid redistribution, secondary to surgi-
cal insults might influence erythrocyte binding. It is, however,
difficult to implicate anaesthesia as a cause of the increase in
kd and k, and, to the best of our knowledge, there have been no
reports suggesting that general anaesthesia has an effect on the
binding of zonisamide to erythrocytes. A possible explanation
of the observed high kd and k is changes in serum albumin
level as a result of blood loss and haemodilution. It has been
shown that the concentration of zonisamide in erythrocytes is
affected by the serum albumin level (Driessen et al 1989) and
several other reports (Evans & Shand 1973; Kurata & Wilk-
inson 1974; Hughes et al 1976) have indicated that extensive
plasma protein binding reduces the uptake of the drug by red
blood cells by reducing the free plasma drug concentration.
Matsumoto et al (1989b) also found that the concentration of
zonisamide in erythrocytes was affected by the presence of
extracellular albumin. Their in-vitro study indicated that the
concentration of zonisamide in erythrocytes was higher under
low-albumin conditions, and that this was associated with an
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increase in the proportionality constant. In our study, becay,
the serum albumin level on the day of the operation wag Sig.
nificantly lower than that on the post-operation day, Probapy,
because of intra-operative blood loss and haemodilution,
intra-operative free fraction of zonisamide was significang
higher than the post-operative value. This increase in the
fraction brought about by surgery was also seen with valproj,
acid in a similar group of patients (Jeiri et al 1995). In this
study a significantly positive relationship was observey
between the free fraction of zonisamide and the Co/C; ragjq
(r=07, P <0001, data not shown) suggesting that serupy
albumin was responsible for zonisamide partitioning into the
erythrocytes.

Several investigators have indicated that an increase in the
unbound fraction is theoretically associated with correspong.
ing increases in clearance and the volume of distribution of
various drugs (Gibaldi & Koup 1981). In this study, significant
increases in Vd and daily free fraction (AUC¢/AUC; Cloyd et
al 1993) were observed on the day of the operation compared
with the post-operative values. Zonisamide is bound primarily
to erythrocytes rather than to plasma proteins; erythrocyte-
borne drugs in-vivo are, however, available for distribution to
tissues (Cornford & Landon 1985). A decrease in serum pro-
tein binding and an increase in uptake by erythrocytes, which
could increase the volume of distribution, would have con-
tributed to the fall in AUCs during the surgery. It remains
unclear, however, why the state of surgery should influence the
distribution of zonisamide. Factors such as initial water load
and subsequent maintenance of the state of hydration might
have led to an increase in the extracellular volume, and hence
to an increase in the potential volume of drug distribution
(Faruq et al 1990). In such cases, the observed serum drug
concentration should also be lower, because the administered
dose has to be distributed over a much larger volume.

Our studies on valproic acid and zonisamide disposition
during and after brain surgery have illustrated that surgery is a
factor influencing drug metabolism, renal excretion, and dis-
tribution. With valproic acid, we found that a reduction of
intrinsic clearance was the predominant effect (leiri et al
1995), whereas with zonisamide in this study the renal
excretion and accumulation in erythrocytes were significantly
increased during surgery. Cornford & Landon (1985) studied
the brain capillary transit of zonisamide and suggested that
zonisamide in both plasma and erythrocytes could equilibrate
across the blood-brain barrier in the course of a single trans-
capillary transit. Approximately one-half of the drug gaining
access to the brain in a single transcapillary passage is ery-
throcyte-borne. Many workers have suggested that red blood
cells, or even red cell ghosts, might serve as carriers of drugs
and facilitate the delivery of agents to a desired site (Thler
1983). It remains to be determined whether increased uptake of
this AED by erythrocytes, thereby resulting in the drug gaining
greater access to the desired brain site, would be of a pro-
phylactic benefit to seizure patients.
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