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Abstract. This study examined the possible role(s) of central acid—base stimuli in the increase in ventilation
induced by hypercapnia in the skate, a response that is not due to an O, signal (Graham et al., Respir.
Physiol., 1990, 80: 251-270). Skate were sampled for cerebrospinal fluid (CSF) acid-base status, intra-
cellular pH of the brain ('*C-DMO method), and pHi in other tissues throughout 24 h of exposure to
Pico, = 7.5 Torr. CSF P, rapidly equilibrated with the elevated Paco,. Despite the much lower non-
HCOj buffer capacity in the CSF, CSF pH was not depressed to the same extent as blood pHa. CSF pH
was also regulated more rapidly, returning to control levels by 8-10 h, whereas pHa remained significantly
depressed at 24 h. Similarly, the pHis of the weakly buffered brain and heart ventricle were initially
compensated more rapidly than those of more strongly buffered white muscle and red blood cells. However,
brain pHi adjustment slowed markedly after 4 h and stabilized at only 709, compensation by 20-24 h,
suggesting that brain intracellular acidosis may play a role in the long-term increase in ventilation. CSF and
brain were the only compartments which did not exhibit an apparent compounding metabolic acidosis
during the initial stages of hypercapnic exposure. While these results illustrate the primacy of central
acid-base regulation, they do not support a role for CSF pH in the long-term elevation of ventilation in
response to hypercapnia. Depressions in pHa and brain pHi appear the two most likely candidates for
proximate stimuli.

Animal, skate; pH, cerebrospinal fluid of skate; Buffering, skate tissue; Cerebrospinal fluid, acid—base

balance; Control of breathing, cerebrospinal fluid of skate, response to CO,; Hypercapnia, ventilatory

response of skate; pH, intracellular; Technique in respiratory physiology, DMQO; Ventilation, sensitivity to
CO, in skate

In the preceding paper (Graham et al., 1990), we have shown that environmental
hypercapnia induces a pronounced and persistent increase in ventilation in the Atlantic
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big skate (Raja ocellata). As blood and environmental O, levels were maintained
constant, the response was not due to a disturbance of the primary O, drive on
ventilation. Rather, it appeared to reflect a direct influence of some aspect of internal
acid—base status, acting as an important secondary control on ventilation. Of the
parameters measured, depression of arterial blood pHa, rather than elevation of arterial
Pac,, appeared to be the most likely candidate for the proximate stimulus. Heisler ez al.
(1988) and Heisler (1989) reached a similar conclusion based on their analysis of
ventilatory adjustments during hyperoxia in the larger-spotted dogfish (Scyliorhinus
stellaris).

These findings suggest that water-breathing fish may already possess the ventilatory
sensitivity to acid—base status characteristic of air-breathing vertebrates. However, it
is not at all clear that the mechanism is the same. For example, in mammals, the primary
CO, drive on ventilation is mediated mainly through the central chemoreceptive area
in the medulla, with additional input from peripheral chemoreceptors in major arteries
(O’Regan and Majcherczyk, 1982; Cherniack et al., 1988). Only the latter appear to be
directly sensitive to pHa. For the central chemoreceptors, Pac,,, rather than pHa, is
the important variable, but CO, exerts its effects by crossing the blood-brain barrier
and lowering pH in the brain fluids. The proximate stimulus is thought to be the decrease
in cerebrospinal fluid (CSF) pH, medullary interstitial pH, medullary intracellular pH
(pHi), or some combination thereof (see papers in Schlaefke et al., 1983; Cherniack
et al., 1988).

There is very little information available on central acid-base status in fish, and
almost none on its relationship with ventilation. The one important exception is the
classic work of Maren (1962a,b; 1972) on CSF acid—base regulation in the spiny dogfish
(Squalus acanthias). Maren demonstrated that CO, rapidly penetrated into the CSF
from the arterial blood, and that CSF pH was almost perfectly regulated in the face of
systemic respiratory acidosis induced by environmental hypercapnia. He speculated
that this highly efficient regulation of CSF pH was critical to respiratory control, though
without any direct evidence. Measurements of ventilation during hypercapnia in
S. stellaris by Randall et al. (1976) supported this idea, because disturbance of ventila-
tion was shortlived (<2 h), while the disturbance of pHa was prolonged.

In light of this complex situation, the present study was designed to monitor CSF
acid-base status, brain pHi, and their relationships with arterial blood status in
R. ocellata during a hypercapnic regime identical to that of the preceding paper (Graham
et al., 1990). Thus the various parameters could be compared directly with the measured
ventilatory changes. An additional goal was to compare the time course of pHi adjust-
ment in the brain with that in other tissues (red blood cells, heart ventricle, white muscle)
during hypercapnia. Previous studies on other forms of acid—base disturbance (e.g.
temperature change, exercise) have indicated considerable heterogeneity between tissue
compartments in the rate and extent of pHi regulation (Milligan and Wood, 1986;
Heisler, 1989).
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Materials and methods

Experimental animals and regime. Specimens of the big skate (Raja ocellata Mitchill;
0.75-5.0 kg) were caught, held, and fitted with arterial and extradural fluid (EDF)
catheters as described by Graham er al. (1990). The animals were allowed to recover
in darkened, individual experimental chambers served with flowing seawater
(salinity = 30 + 1 ppt) at 12 + 1°C for 24-72 h prior to experimentation. In vivo
measurements were taken from a total of 40 animals, while an additional 10 skate
provided fluids and tissues for in vitro buffer capacity measurements.

The exposure to hypercapnia was designed to duplicate that employed in the com-
panion study (Graham ez al., 1990). However, each animal was sampled only once,
rather than repetitively, for measurements of acid—base status in the cerebrospinal
(CSF) and extradural (EDF) fluids, and intracellular pH in the brain and other tissues.
Groups of skate were sampled under control conditions (Pioo, = 0.3 Torr,
Pig, = 155Torr) (N=9) and under normoxic hypercapnia (Picq, = 7.5 Torr,
Piy, = 155Torryat0.5h(N = 5),2h (N = 6),4h(N = 6),8-10h (¥ = 5),and 20-24 h
(N = 9) of exposure.

Intracellular pH determinations. Intracellular pH (pHi) in brain, heart ventricle, and
white muscle was measured using the DMO technique (5,5-dimethyl-2,4-oxazolidine-
dione) technique originated by Waddell and Butler (1959), with mannitol as the extra-
cellular fluid volume marker. The method used in the present study has been described
in detail and critically evaluated previously (Milligan and Wood, 1986, 1987; Wright
et al., 1988). Once the DMO has initially equilibrated in a tissue compartment, its
redistribution in response to a pH change occurs quickly; Milligan and Wood (1985)
have demonstrated that this method reliably measures rapid changes ( < 15 min) in pHi
in fish tissues. In brief, skate were injected, via the arterial catheter, with a 1 ml/kg dose
of 7 uCi/ml *C-DMO (New England Nuclear; specific activity 50.0 mCi/mmol) plus
28 uCi/ml *H-mannitol (New England Nuclear; specific activity 27.4 mCi/mmol) in
300 mmol/L NaCl, followed by an equal volume of skate saline (composition as
described by Graham et al., 1990). The injection was administered 10-12 h prior to the
planned time of sacrifice (see above). Tissue intracellular pHi, extracellular fluid volume
(ECFYV), and intracellular fluid volume (ICFV) were calculated from measurements of
extracellular pH (pHa), plasma and tissue water contents, and plasma and tissue
14C-DMO and *H-mannitol radioactivities, using the equations given by Wright et al.
(1988). The pK of DMO at experimental temperature was interpolated from the
measurements of Heisler et al. (1976) at comparable ionic strength.

Sampling protocol. Immediately prior to sacrifice, inspired water, EDF, and arterial
blood samples were drawn into gas-tight glass syringes. Water samples were analyzed
for Pic(, and P1,,,, EDF samples (1.0 ml) for pH, C,,, protein, Na*,K*,Ca?*,Cl -,
“C-DMO and *H-mannitol radioactivities, and blood samples (2.1 ml) for Pa,,
Pag,,, true plasma Cac,, whole blood pHa, red cell lysate pH (RBC pHi), hematocrit
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(Hct), hemoglobin (Hb), total nucleoside triphosphates (NTP), and plasma protein,
Na*, K*, Ca?*, Cl~, and *C-DMO and *H-mannitol radioactivities.

Within 3 min of blood sampling, the animal was removed from the water, and the
CSF sampled within a further 2 min. The animal was then quickly killed by excision
of the brain; a Dremel Moto-Tool saw (Emerson Electronics, Racine, Wisconsin) was
used to rapidly cut the overlying chondocranial cartilage. In our experience, CSF could
be obtained only if the extradural fluid was left in place and the spinal cord was not
sectioned, preventing hydrostatic collapse of the brain. Anaerobic CSF samples were
drawn using a specially modified 100 ul gas-tight glass syringe (Hamilton, Reno,
Nevada). The syringe needle was cut off at a length of 2 cm, bevelled at the end, and
fitted with a cuff to limit the depth of penetration. The needle was inserted into either
the third ventricle of the brainstem (through the transparent paraphysis, a small pouch
immediately anterior to the optic lobes) or the fourth ventricle (through the cerebellum).
The two ventricles are contiguous. CSF samples were drawn into the syringe using very
gentle suction to minimize CO, loss from this poorly buffered fluid (¢f. Weiskopf et al.,
1977), and then immediately injected (rather than drawn) into a Radiometer G97-G2
capillary microelectrode. The pH electrode was preconditioned to the same ionic
strength with skate saline. The volume of CSF obtained from individual skate varied
from 15 to 200 ul, and averaged about 50 ul. After measurement of CSF pH, the
polyethylene KCl bridge was then cut off to minimize contamination. The sample was
then retrieved from the electrode by gentle suction and analyzed for !'*C- and
*H-radioactivities, protein, and C,, with the latter taking priority in cases of limited
sample volume.

Samples of brain (from the medulla oblongata to the olfactory lobes inclusive), heart
ventricle, and white muscle (from the epaxial muscle forming the dorsal surface of the
“wings”) were excised. The tissues were briefly rinsed in skate saline to remove external
EDF or blood, and then thoroughly blotted, prior to subdivision and weighing for water
content and '“C- and *H-radioactivity measurements.

Buffer capacity determinations. The non-HCOQOj buffer capacities (B ) of CSF, EDF,
and separated blood plasma from 3 skates were determined at 12 °C by tonometry, as
described by Graham et al. (1990). Buffer capacities of brain, white muscle, heart
ventricle, and packed red cells were determined from 5—6 animals for each tissue. Acid
titration of tissue homogenates was employed, as described by Cameron and Kormanik
(1982), using a Corning 476051 pH electrode. This technique measures total physico-
chemical buffer capacity (i.e. non-HCO; plus HCO; buffering). However, as the
original HCO; content of the tissues is low and the P, is kept close to zero during
titration, the contribution of the HCO; component is neglible; in essence the results
yield an estimate of non-HCO; B.

Brain, white muscle, and heart ventricle were prepared as described above; packed
red cells were obtained by centrifugation of whole blood at 9000 x g for 2 min followed
by removal of plasma by aspiration. Approximately 1/3 of each sample was dried to a
constant weight at 65 °C for original water content. The other 2/3 were frozen on dry
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ice and pulverized with a mortar and pestle. As a slight hydration occurred during
pulverization, half of this powder was dried to a constant weight to find the post-
pulverization water content. The other half (0.5-1.0 g) was suspended in 5 volumes of
400 mmol/L NaCl. The tissue homogenate was titrated to pH 8.0 with 1 mol/L NaOH,
allowed to stabilize, and then back titrated to pH 6.5 with standardized 0.1 mol/L HCIl
under a nitrogen atmosphere at 12 °C. The slope of the curve relating mmol HCI added
to pH over the range 7.5-7.0 (the operative pHi range in vivo ~ ¢f. fig. 4A) was taken
as the buffer capacity of the tissue in mmol/pH unit/kg. This was then converted to
mmol/pH unit/L ICF water (slykes) taking into account the water content of the
powdered tissue, its original water content, the appropriate ECFV (from table 4 for
tissues; 30 ml/kg for the red cell pellet), and the g of separated plasma (from Graham
etal., 1990) as an estimate of ECFV Bg.

Analytical technigues. Analytical and statistical methods were identical to those
described by Graham et al. (1990), with the following additions. CSF P, was calcu-
lated from the Henderson—Hasselbalch equation (as for EDF P,), based on meas-
ured pH and C, levels (15-25 pl normally analyzed) and apparent pK values for the
CO,/HCOj; equilibrium (pKapp) derived from the empirical relationship established
for skate fluids by Graham ez al. (1990). Tissue water contents were determined by
drying to a constant weight at 65 °C; plasma, EDF and CSF water contents were
calculated from the protein content determined by refractometry. Levels of “C- and
*H-radioactivity in plasma, EDF, brain, heart, and muscle were determined by digesting
duplicate 100 ul or 100-300 mg samples in 2 ml NCS tissue solubilizer (Amersham).
Single CSF samples (5-50 ul, when available) were treated similarly. Once a clear
solution was obtained, the digests were neutralized with glacial acetic acid, 10 ml of fluor
(OCS; Amersham) were added, and the samples stored in the dark overnight to reduce
chemiluminescence, prior to counting on an LKB Wallac 1217 liquid scintillation
counter. Dual-label quench correction was performed using quench standards prepared
from each type of tissue and the external standard ratio method (Milligan and Wood,
1986).

Results

Fluid and tissue buffer capacities. The non-HCOj; buffer capacities (Byg) of CSF,
EDF, and separated plasma were linearly related to their protein concentration (fig. 1).
Protein concentrations measured in CSF were significantly lower than those in EDF
which in turn were significantly lower than those in plasma (table 1). Thus, the mean
Pnp estimated for CSF by this relationship was only about 60%, of that for EDF, 259,
of that for separated plasma, and 139 of that for whole blood.

Of the various tissues surveyed, brain had the lowest intracellular fp value, followed
by heart ventricle, corresponding to approximately 50%, and 70%,, respectively, of the
Bup for white muscle (table 2). Red blood cells exhibited by far the highest buffer
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Fig. 1. The in vitro relationship at 12 °C in R. ocellata between protein concentration and the non-HCO;

buffer capacity (Bg) of extradural fluid (EDF), cerebrospinal fluid (CSF), and separated blood plasma.

Plasma and EDF (by catheter) and CSF (by terminal puncture) were sampled from 3 skate; each point
represents a sample from one animal. The linear regression relationship (P < 0.01) is given.

capacity, 71 slykes on an intracellular water basis, as measured directly by acid titration
(table 2).

Extracellular responses to hypercapnia. The magnitude and time course of changes in
Paco,, pHa, and plasma HCO; during exposure to Pi-o, = 7.5 Torr, as determined
by single terminal samples (fig. 2), were very similar to those recorded by serial sampling
in the preceding study (Graham et al., 1990). Notably, the normal Pa,,-PIo, gradient

TABLE 1

Protein concentration and estimated non-HCQj; buffer capacities (fyg) of cerebrospinal fluid (CSF),
extradural fluid (EDF), and separated blood plasma in the big skate at 12°C. Means + 1 SEM (¥).

Protein Bup?

(g/100 ml) (slykes)
CSF 1.21 + 0.08 (27) 1.53
EDF 1.80 + 0.08 (37) 2.65
Plasma 3.86 + 0.14 (48) 6.56
Whole blood® - 11.04

a Estimated from protein concentration using the regression equation of fig. 1.
> From Graham et al. (1990).
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TABLE 2
Intracellular buffer capacities (Byg) Of several tissues in the big skate at 12°C. Means + 1 SEM (V).

Tissue Bnp®

(slykes)
Brain 21.62 + 2.42 (6)
Heart ventricle 29.33 + 0.51 (5)
White muscle 40.57 + 3.08 (5)
Red blood cells 70.75 + 2.75 (5)

2 Expressed per unit intracellular water.

of 0.5 Torr again more than doubled during hypercapnia, and the initial acidosis
(0.5 units), rate of HCO; build-up, and extent of compensation by 24 h (65%,) were
virtually identical. Changes in EDF acid—base status (not shown) were also identical
to those measured by Graham et al. (1990), confirming that the slow pattern of response
in the extradural compartment was not an artifact of serial sampling and saline replace-
ment. Plasma and EDF ions (not shown) were also measured at every sample time, and
in general confirmed the patterns of the previous study. The one exception was a
significant increase in EDF Na* and Cl ~ concentrations at 8—10 h, a time not analyzed
for these parameters by Graham et al. (1990).

Under control conditions, CSF pH was approximately 0.2 pH units below the pHa
of arterial blood (fig. 2B), and 0.1 units below EDF pH, reflecting a much higher P,
(CSF = 2.7, EDF = 1.6, arterial blood = 0.8 Torr). However, in contrast to EDF, CSF
Pco, rose in concert with Pa., during hypercapnia, and remained in equilibrium
throughout the entire exposure (0.5-24 h; fig. 2A). Thus, blood-borne CO, rapidly
equilibrated into this central fluid compartment of the brain. Despite the very low fyg
value of CSF relative to blood (table 1), its pH fell to a lesser extent (0.3 vs 0.5 units;
fig. 2B). Even more remarkable was its rate of recovery during maintained hypercapnia.
Indeed, CSF pH had returned to the control level by 8-10 h, a time at which pHa
compensation was less than 509, (fig. 2B). This reflected a faster accumulation of
HCO; in the CSF (fig. 2C), together with a lower control pH value. There was no
further change in CSF pH at 20-24 h.

As an independent check on the accuracy of the CSF pH measurements, CSF pH
was also estimated from the measured distribution of !“C-DMO dpm between plasma
and CSF, and the measured pHa value. In other words, the CSF was treated as a tissue
sample. Only samples where at least 15 ul were available for counting were included in
this analysis. Most values agreed within 0.1 pH units by the two techniques, though in
several cases the discrepancy was up to 0.25 units (fig. 3). Overall, there was a highly
significant, almost 1: 1 correlation between the two estimates of CSF pH, supporting
the accuracy of the directly measured values (fig. 3). Thus, the weak organic acid DMO
freely penetrated into this central fluid compartment of the brain, and distributed
between plasma and CSF according to the pH gradient.
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Fig. 2. The effects in R. ocellata of exposure to normoxic hypercapnia at 12 °C on (A) inspired (Plcp,),
arterial (Pac, ), and cerebrospinal fluid (CSF P, ) CO, tensions; (B) arterial plasma (pHa) and CSF pH;
and (C) arterial plasma ([HCOj; ]a) and CSF bicarbonate concentrations. The normocapnic control
measurement (at Plco, = 0.3 Torr, Pl,, = 155 Torr) is designated as C. Exposure to hypercapnia
(P1co, = 7.5 Torr, Pig, = 155 Torr) was instituted at time 0; all experimental times are exact, except the
10 h point which was sampled at 8-10 h, and the 24 h point which was sampled at 20-24 h. Each animal
was sampled only once, terminally. Values are means + 1 SEM; C(N=9),05h (N=5),2h (¥ =6),4h
(N = 6),8-10 h (N = 5), and 20-24 h (N = 9). Asterisks indicate experimental means significantly different
(P < 0.05) from normocapnic control.

In marked contrast to this equilibration of '*C-DMO, the extracellular fluid marker
3H-mannitol, a polar non-electrolyte, penetrated very poorly into the CSF, averaging
only 26%, of plasma levels at the time of sacrifice, 10—12 h after injection (table 3). The
behaviour of these two markers in the EDF was very different from that in the CSF.
Both mannitol and DMO in the EDF had reached approximately 709, of their respec-
tive plasma levels by 12 h (table 3), and there was no significant difference in their
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Fig. 3. The relationship in R. ocellata at 12 °C between directly measured cerebrospinal fluid (CSF) pH (X)

and CSF pH as estimated from the measured distribution of 1*C-DMO between plasma and CSF (Y). Each

point represents a terminal sample from one skate; points from animals at all different times during the

experimental exposure are included. The solid line represents the regression relationship (P < 0.001); the
dashed line represents the line of equality (Y = X).

distribution ratios (paired t-test), supporting the previous interpretation that EDF is
formed very slowly from the blood plasma (Graham et al., 1990). Given this situation,
calculation of EDF pH from DMO distribution was clearly meaningless.

Intracellular responses to hypercapnia. Under control conditions, pHi values, as
measured by DMO distribution, were highest (and not significantly different from one

TABLE 3

Distribution ratios of *H-mannitol and '“C-DMO between cerebrospinal fluid (CSF) and blood plasma,
and between extradural fluid (EDF) and blood plasma in the big skate at 12 °C, measured 10-12 h after
injection. Means + 1 SEM (N).

3H-mannitol

(brain fluid/plasma)

14C-DMO
(brain fluid/plasma)

EDF 0.693 + 0.026 0.771 4 0.027
(35) (33)

CSF 0.262 # 0.023° 0.983 + 0.03420
(29) 29

2 Significantly different (P < 0.05) from corresponding EDF value.
® Significantly different (P < 0.05) from corresponding *H-mannitol value
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another) in heart ventricle and brain, significantly lower in white muscle, and lowest in
red blood cells (table 4). Upon exposure to hypercapnia, all four tissues were rapidly
acidified (0.5 h), but the same pattern was maintained (fig. 4A). The two poorly buffered
tissues, brain and heart (table 2) underwent smaller depressions in pHi (~ 0.3 units)
than the two well buffered tissues, white muscle and red blood cells (~0.4 units).
Furthermore, the initial rates of pHi correction in brain and heart were greater than in
white muscle or red cells (fig. 4A). However, in marked contrast to the perfect regulation
of CSF pH by 8-10 h (fig. 2B), brain pHi correction slowed considerably after 4 h
(fig. 4A). An intracellular acidosis of ~ 0.1 unit persisted in brain tissue at 20-24 h;
thus, pHi correction was only 709, complete. A very similar pattern was seen in heart
ventricle. The slow recovery of muscle and RBC pHi continued throughout the experi-
ment, such that these tissues also achieved about 709, correction by 20-24 h (fig. 4A).
This pattern of RBC pHi regulation during hypercapnia, together with unaltered or
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Fig. 4. The effects of exposure to normoxic hypercapnia on intracellular acid—base status and fluid volume
distribution in R. ocellata. (A) Intracellular pH in heart ventricle, brain, white muscle, and red blood cells;
and (B) bicarbonate levels in these same tissues, calculated on the assumption of equilibration of Pco,
between arterial blood plasma and the intracellular compartments. Mean arterial blood plasma pH (pHa)
and bicarbonate ([HCO; ]a) levels are indicated by the dotted lines. (C) Extracellular fluid volume (ECFV)
in heart ventricle, brain, and white muscle; and (D) intracellular fluid volume (ICFV) in these same tissues.
Total tissue water content in each tissue remained unchanged throughout the exposure at the levels shown
in table 4. See legend of fig. 2 for other details.
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TABLE 4

Intracellular pH values and fluid volume distributions in several tissues of the big skate under control
normocapnic conditions at 12 °C. Means + 1 SEM (V).

pHi?* Water content ECFV ICFV
(mi/kg) (ml/kg) (ml/kg)
Heart ventricle (N = 8) 7.62 + 0.02 7900 + 3.2 289.5 + 18.8 500.5 + 11.0
Brain (N = 8) 7.56 + 0.03 7800 + 9.0 146.2 + 18.2 634.0 + 135
White muscle (N = 8) 7.47 £ 0.03 7729 + 55 102.0 + 16.7 6709 + 11.1
Red blood cells (N = 8) 7.36 + 0.02 699.6 + 14.5° - -~

2 At pHa = 7.84 + 0.02 (8).
b Water content of red cell pellet after aspiration of plasma; trapped ECFV in pellet = 30 ml/kg.

slightly increased MCHC (mean cell hemoglobin concentration; not shown) and
unchanged NTP/Hb (not shown), was identical to that monitored by serial sampling
in the previous study (Graham et al., 1990).

In fig. 4B, intracellular HCO; changes have been calculated for individual tissues,
assuming that the measured Pac,, value in each fish was representative of the intra-
cellular level. This analysis illustrates a marked difference in the pattern of HCO;
accumulation between brain and heart on the one hand, and muscle and red cells on
the other. During most of the recovery period, intracellular HCO5 concentrations in
brain and heart remained similar to those of arterial blood plasma, while muscle and
RBC HCO; were much lower.

Tissue water contents in brain, heart, and white muscle (control values in table 4)
remained unchanged throughout hypercapnia, but the internal distribution of fluid
between intra- and extra-cellular compartments shifted considerably (fig. 4C,D). In all
three tissues, there was a net movement of water out of the ECFV into the ICFV during
hypercapnia — i.e. a net swelling of the cells. This shift was greatest in the brain, where
it was significant at all sample times during the first 10 h, and least in the heart, where
it was significant at only two of the times. By 20—24 h, the distribution had re-established
ECFV and ICFV levels not significantly different from control in all three tissues. ICFV
was not measured directly in red blood cells. However, MCHC (not shown), which
provides an inverse index of RBC swelling, showed no significant change. This supports
the conclusion of Graham et al. (1990) that skate RBCs do not swell during hypercapnia,
in contrast to those of other species, and other tissues of the skate itself (fig. 4C,D).

Discussion

Fluid and tissue buffer capacities. To our knowledge, the present measurements of g
in EDF and CSF (fig. 1, table 1) are the first such determinations in fish, though
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previous studies have noted low protein concentrations (cf. table 1) for these fluids in
other elasmobranchs (Zubrod and Rall, 1959; Cserr et al., 1978). The protein concen-
trations measured in the CSF of R. ocellata, while less than one third of those of plasma
levels, were somewhat higher than levels reported in various shark species, while EDF
levels were comparable. It is not surprising that CSF, EDF, and separated plasma S5
values all followed a common relationship with protein concentration (fig. 1), for
according to Zubrod and Rall (1959) the proteins of the various compartments are
electrophoretically indistinguishable. An important consequence of the very low g in
CSF is that it will tend to maximize pH changes (i.e. minimize passive buffering) when
CSF P, changes. The observation that CSF pH was already significantly above that
predicted for passive buffering by 0.5 h of hypercapnia (fig. 5B, discussed below), is
testimony to the efficiency of active CSF acid—base regulation.

The present tissue fyg determinations in skate (table 2) were obtained by titration
of tissue homogenates. Recently, Wiseman and Ellington (1989) have reported that in
muscle of the invertebrate Busycon canaliculatum, the homogenate technique yields
significantly higher g values than in situ methods using weak acid or base loading of
whole tissue. At present, the exact meaning of this difference, and whether it applies to
vertebrate tissue, are unclear. Nevertheless, the possibility that the titration method may
overestimate tissue Sy should not be overlooked.

The present results (table 2) showing brain, followed by heart ventricle, to have the
lowest buffer capacities were in close quantitative agreement with those of Milligan and
Wood (1986) on the rainbow trout (Salmo gairdneri). In contrast, white muscle Sy was
only about half the trout value. However, there appears to be considerable variation
between species, probably related to the total amount of histidine-related compounds
present. The skate muscle value was only slightly lower than that measured in the
larger-spotted dogfish (Scyliorhinus stellaris; Heisler and Neumann, 1980). We are
aware of no previous direct measurements of fyg in red blood cells of fish using
comparable methodology (i.e. acid titration of erythrocytes); it is more usual to titrate
the whole blood with CO,. However, it is reassuring that the directly measured value
(71 slykes; table 2) agreed favourably with a value of 63 slykes calculated from the CO,
titrations of whole blood in the same species (Graham et al., 1990). Such a high buffer
capacity is to be expected, given the high hemoglobin concentration of red blood cells.
A priori, one might also expect that the greater the By value of a tissue, the less would
be its pHi depression during hypercapnia. However, this was clearly not the case in the
present study (fig. 4A), for reasons outlined below.

Marker penetration into brain fluids. The differential entry of “C-DMO and
3H-mannitol into the CSF of the skate (table 2) is in agreement with previous studies
on both other elasmobranchs and mammals, and supports the interpretation that the
permeability characteristics of the blood—brain barrier are similar in the two classes
(Zubrod and Rall, 1959; Fenstermacher and Patlak, 1977; Cserr et al., 1978; Cserr and
Bundgaard, 1984). Polar non-electrolytes such as mannitol are effectively restricted by
this functional barrier, but weak organic acids such as DMO freely penetrate. Therefore,
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it is not surprising that DMO estimates of CSF pH agreed well with direct measure-
ments (fig. 3), though we are aware of no previous studies in lower vertebrates which
have reported this validation. The slower, non-specific entry of mannitol and DMO into
the EDF is also in accord with earlier investigations, and supports the view that EDF
is simply a slowly formed, slowly exchanging exudate of the blood plasma (Fenster-
macher and Patlak, 1977).

CSF acid-base responses to hypercapnia. Qualitatively, the present observations on
CSF acid-base status of the skate during hypercapnia confirm the original findings of
Maren (1962a,b; 1972) on the spiny dogfish (Squalus acanthias). CSF P, rapidly
equilibrated with Pa.,, during environmental hypercapnia (fig. 2A), indicating free
penetration of CO, through the blood—brain barrier. The resultant fall in CSF pH was
much smaller than that in pHa (fig. 2B), and was completely compensated within 8—10 h
by a rapid accumulation of HCOj (fig. 2C). H* and HCOj clearly did not equilibrate
across the blood-brain barrier, for pHa was still significantly depressed at 24 h, and
plasma HCOj; levels remained lower than CSF levels. As in many mammalian studies
(reviewed by Maren, 1972 and Schlaefke et al., 1983), CSF pH regulation was more
rapid and precise than blood pH regulation in both skate and dogfish, underlining the
critical importance of the acid—base status of the fluid bathing the central nervous
system. Through inhibition studies, Maren (1962b, 1972) demonstrated that carbonic
anhydrase in the choroid plexus played an important role in the rapid HCO; ‘transport’
process responsible for CSF pH control. Nevertheless, CSF pH regulation still
occurred, albeit at a slower rate, when carbonic anhydrase was pharmacologically
blocked. Essentially nothing else is known about the mechanism of CSF pH correction
in fish, though analogy to higher vertebrates would suggest the involvement of a
Cl~/HCO; exchange process (see papers in Schlaefke et al., 1983).

Quantitatively, the present data on R. ocellata exhibited some differences from those
of Maren (1962a,b; 1972) on the dogfish. In the skate under control conditions, CSF
Poo, was higher, and CSF pH lower than the corresponding values in arterial blood
(fig. 2A,B), in agreement with measurements in mammals. The opposite situation in the
dogfish probably resulted from the traumatic blood sampling technique employed. In
the dogfish, CSF pH depression during hypercapnia was smaller and more quickly
corrected than in the skate. To a certain extent, this may have reflected differences in
the exposure regime to hypercapnia; nevertheless, the rate of CSF HCO; accumulation
was clearly lower in the skate than in the dogfish. This may be related to the overall
slower rate of systemic acid—base adjustment in the skate (Graham et al., 1990) relative
to sharks (Heisler, 1989). Maren (1972) also suggested that CSF pH might provide the
proximate chemical control of respiration in the dogfish, though he made no measure-
ments of ventilation. As outlined in detail below, the present data on the skate, in
combination with the accompanying Vw measurements of Graham et al. (1990), do not
support this interpretation.

Comparison of the CSF acid—base responses with blood plasma responses by means
of pH-HCO; diagrams (fig. SA,B), each with its appropriate non-HCO; buffer line,
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Fig. 5. A graphical representation in R. ocellata of the simultaneous changes in pH, HCO; , and P, levels
in (A) arterial blood plasma; and (B) cerebrospinal fluid (CSF) during 24 h exposure to normoxic hyper-
capnia. In (A), the non-HCO; buffer relationship (heavy line) was plotted using the fp value appropriate
for the mean measured hemoglobin concentration of these skate (from fig. 1B of Graham et al., 1990); in
(B), the relationship was plotted using the fyg value appropriate for the mean measured CSF protein
concentration of these skate (from fig. 1). Means + 1 SEM. See legend of fig. 2 for other details.

emphasises the marked differences in regulation between the two compartments. In
agreement with the results obtained by serial blood sampling in the preceding study (cf.
fig. 4A of Graham et al., 1990), plasma HCO; accumulation during the first 2 h of
hypercapnia was less than predicted by passive non-HCO; buffering (fig. 5A). In
contrast, by 0.5 h, CSF HCO; accumulation was already accelerated above the point
predicted by passive buffering (fig. 5B), evidence of the rapidity of the active regulation
process.

Intracellular acid-base responses to hypercapnia. The intracellular acid—base responses
of the four tissues studied (from fig. 4) are portrayed on pH-HCO; diagrams in fig. 6,
with appropriate fyp values taken from table 2. This analysis emphasises the marked
difference in behaviour between the brain, the tissue of principal interest in the present
investigation, and the other three. Only the brain, the most poorly buffered of the four
tissues (table 2), followed its passive non-HCO; buffer line during the initial stages of
hypercapnia (fig. 6A); the others all exhibited a compounding ‘metabolic’ acidosis of
varying magnitude at this time (fig. 6B,C,D). Thereafter, there was a rapid active HCO 5
accumulation in the brain. To a certain extent, this pattern of preferential brain pHi
regulation was similar to the preferential CSF pH regulation (fig. 5), underlining the
primacy of central acid—-base regulation. However, in contrast to CSF, the build-up of
HCO; in the brain slowed considerably after 4 h, leaving pHi correction incomplete;
a significant intracellular acidosis persisted at 20—24 h. When considered in combi-
nation with the Vw measurements of Graham et al. (1990), this pattern suggests that
brain pHi may play a significant role in ventilatory control (discussed below).

The initial loss of HCO; equivalents (figs. 5, 6) from all compartments except CSF
and brain during the first 0.5 h of hypercapnia, relative to the levels which should have
been created by passive non-HCO; buffering, was surprising. The possibility noted
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Fig. 6. Graphical representations in R. ocellata of the simuitaneous changes in pH, HCOj; , and P, levels
in the intracellular compartments of (A) brain; (B) heart ventricle; (C) white muscle; and (D) red blood
cells, calculated on the assumption of equilibration of Pco, between arterial blood plasma and the
intracellular compartments. In each case, the non-HCO; buffer relationship (heavy line) was plotted using
the appropriate measured value from table 2. Means + 1 SEM. See legend of fig. 2 for other details.

earlier that the tissue B values were significantly overestimated by the homogenate
titration method (Wiseman and Ellington, 1989), and therefore that the HCO; loss was
apparent rather than real, cannot be eliminated. However, it is noteworthy that the
greatest ‘deficit’ occurred in the most highly buffered intracellular compartment, the red
blood cells, where homogenate titration and whole cell tonometry with CO, had yielded
similar S values. RBC acid-base status predicted from passive buffering was not
regained until 24 h (fig. 6D). In the absence of active RBC pHi regulation in skate
(discussed by Graham et al., 1990) HCO; was probably lost to the plasma, and only
regained as plasma acid—base status was compensated. White muscle followed a similar
trend, with compensation finally surpassing the point of passive buffering by 10 h
(fig. 6C). Less well buffered heart ventricle underwent a much smaller initial loss
(fig. 6B), and the weakly buffered brain tissue none at all (fig. 6A). Thus, substantial
heterogeneity exists between compartments and passive buffering alone does not predict
the response of an individual compartment in the intact animal.

Several possible explanations for the large initial deficit of HCO; equivalents may
be considered. Firstly, there may have been an initial transfer of HCO; to other
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(unmeasured) compartments in which pH was preferentially regulated. Obviously, the
CSF was one such compartment (fig. 5B), but quantitatively could account for only a
small fraction of the ‘missing’ HCO; . Given the size of the white muscle mass, and
the magnitude of its initial deficit, it seems most unlikely that this could be the complete
explanation. Secondly, there could have been a initial loss of HCO; equivalents to the
environmental water across the gills. Fluxes to the environment were not measured in
the present study. However, Scyliorhinus stellaris showed such a loss during the first
15 min of exposure to hypercapnia (reviewed by Heisler, 1989). Heisler’s model calcu-
lations suggest that HCO; was lost from ICF to ECF and from ECF to environment
at this time, but the deficit was small relative to that in R. ocellata. The larger loss in
the skate could well be the explanation for the overall slower rate of pH compensation
in the skate relative to the dogfish. Thirdly, it remains possible that hypercapnia induced
the production of unknown metabolic acid(s) in the tissues. Further work is needed to
separate these possibilities and clarify their possible adaptive significance.

The progressive accumulation of HCO5™ equivalents in all compartments after 0.5 h
was probably due to uptake from the water into the ECF (or acidic equivalent excretion
into the water) followed by redistribution into the ICF, as documented in the dogfish
(reviewed by Heisler, 1989). Notably, the brain and heart ventricle, which might be
considered ‘essential’ tissues, increased their HCO;™ to the same levels as those of blood
plasma (fig. 4B). This resulted in a more rapid pHi adjustment during the early hours
of hypercapnia than in white muscle or red blood cells. However, the latter tissues
continued to accumulate HCO;™ throughout hypercapnia, whereas the process slowed
considerably after 4 h in brain and heart. By 24 h all tissues had developed about the
same extent of pHi correction (~ 70%,), but the pH-HCO; diagrams illustrate that this
simple percentage figure is misleading because the correction was achieved in different
ways by the various tissues (fig. 6). To cite the two extremes, in brain, this result reflected
active HCO5 accumulation against a background of low passive buffering and no initial
HCO; deficit (fig. 6A), while in red blood cells it reflected a return to the status
provided by passive buffering alone against a background of almost complete initial loss
of the HCO5 generated passively (fig. 6D).

We are aware of no previous time course studies on regional pHi correction during
environmental hypercapnia in fish. Instead, measurements have been made either
immediately (Wright et al., 1988) or after 1-5 days (Cameron, 1985; Heisler, 1989); the
latter indicated comparable inter-tissue heterogeneity to that of the present study.
However, the time course of regional pHi recovery over the 12 h period following
exhaustive exercise has been documented in two teleosts (Milligan and Wood, 1986,
1987). These data were in agreement in showing more rapid pHi correction in brain and
heart than in white muscle, though the teleosts also exhibited efficient RBC pHi
regulation, in contrast to the skate.

A shift of fluid into red blood cells during hypercapnia has been documented in a
variety of fish, and attributed to both a passive Donnan effect and active RBC pHi
regulation (see Graham et al., 1990). In R. ocellata, red cell swelling could not be
detected, perhaps at least partially due to the absence of RBC pHi regulation. Curiously
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however, there was marked fluid shift from ECFV to ICFV in brain, white muscle, and
heart (fig. 4C,D). This effect does not appear to have been noted in previous studies on
environmental hypercapnia in fish. However, Heisler (1982) reported a significant
reduction of whole body ECFV when the air-breathing teleost Synbranchus marmoratus
experienced self-induced hypercapnia accompanying the switch from aquatic to aerial
respiration. There was also a shift of fluid frcm ECFV to ICFV in the white muscle of
rainbow trout during self-induced hypercapnia caused by exposure to hyperoxia (C. M.
Wood, unpublished data). In all these cases, the explanation could be a simple Donnan
effect associated with high CO,, ionic shifts associated with pHi regulation, or the
intracellular generation of osmotically active products, such as the unknown metabolic
acid alluded to earlier. Further research is required before any firm conclusions can be
drawn.

CSF and brain acid-base status and the control of ventilation. The primary objective of
this study was to assess whether the acid—base status of the CSF, the brain tissue itself,
or both would correlate with the ventilatory responses seen during hypercapnia. Fig. 7
relates the mean Vw changes measured over 24 h of hypercapnic exposure, from
Graham et al. (1990), to measured changes in each of pHa, CSF pH, brain pHi, and
Pa,,. This analysis re-inforces the conclusion of Graham et al. (1990) that ventilation
was best correlated with pHa (fig. 7A).
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Fig. 7. Relationships between measured changes in ventilation (Vw; from fig. 2 of Graham et al., 1990) and

measured changes in (A) arterial pH (pHa); (B) cerebrospinal fluid pH; (C) brain intracellular pH; and

(D) arterial CO, tension (Paq,) in R. ocellata during 24 h of exposure to normoxic hypercapnia. In (B) and

(C) the 8-10 h and 20~24 h pH measurements are plotted at 8 h and 24 h respectively to coincide with the
Vw measurements at these times. Means only; see legend of fig. 2 for other details.
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In contrast to the suggestion of Maren (1972) for the dogfish and the commonly
assumed situation in higher vertebrates, Vw did not appear to be keyed to CSF pH, at
least on a long term basis. Elevated ventilation persisted long after CSF pH had been
regulated back to control levels (fig. 7B). We cannot eliminate the possibility that
acidosis in the CSF at the onset of hypercapnia contributed to the initiation of the
ventilatory response. However, after 20—24 h, factors other than CSF pH were clearly
responsible. A more promising candidate for central involvement in ventilatory stimula-
tion was brain pHi (fig. 7C), for the persistence of intracellular acidosis in the brain at
20-24 h could explain the persistent elevation of ventilation. This situation does not
necessarily differ from that in higher vertebrates, for it remains controversial whether
CSF pH, medullary interstitial pH, medullary pHi, or some combination thereof is the
important controlling factor (see papers in Schlaefke er al.,, 1983; Cherniack eral.,
1988). Finally, a plot of Vw vs CSF P, has been omitted because it would be virtually
identical to fig. 7D in light of the rapid equilibrium between arterial blood and CSF P,
(¢f. fig. 2A). In any event, CSF or blood P, did not appear to be the proximate
stimulus, because P, continued to rise gradually with time while Vw declined.

In summary, we conclude that pHa and brain pHi are the two most likely candidates
for proximate stimuli in the CO,/pH effect on ventilation which we and Heisler et al.
(1988) have now demonstrated in elasmobranchs. In the intact unanaesthetised animal,
it is very difficult to manipulate one without changing the other, or simultaneously
altering related systemic and central acid—base variables. Analyses such as the present
are at best correlative. Future research on this topic might be profitably directed at
applying acid—base stimuli directly to the brain and CSF in anaesthetised, brain-
exposed preparations, and in attempting to locate and record from the putative pHa
receptors on the arterial bloodstream.
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