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A Comparison of Local Rates of Glucose Utilization in Spinal

Cord and Brain in Conscious and Nitrous Oxide- or
Pentobarbital-treated Rats

Gregory Crosby, M.D.,* Alison M. Crane, B.A.,T Louis Sokoloff, M.D.t

Local rates of glucose utilization in the spinal cord and brain
were measured with the 2-['*Cldeoxyglucose method in conscious
and in paralyzed and mechanically ventilated pentobarbital- or
70% nitrous oxide-treated rats. In conscious animal lumbar spinal
cord glucose utilization is only 40-50% that of the cerebral cortex
and shows little laminar heterogeneity. Pentobarbital reduces and
nitrous oxide increases the cerebral glucose utilization of most
structures. The effect of paralysis and nitrous oxide analgesia on
lumbar spinal cord glucose utilization is quantitatively similar to
that produced in brain; 15-25% increases occur in most spinal
cord laminae and cerebral structures. In contrast, the 10-20%
reduction in spinal cord gray matter metabolism in the paralyzed
and pentobarbital-treated animals is considerably less than the
20-50% depression measured in most brain structures. From these
data the authors conclude that, relative to that of most cerebral
structures, spinal cord metabolism is less sensitive to depression
by barbiturates and suggest that differences in the cell populations
of these tissues may account partially for this observation. (Key
words: Anesthetics, gases: nitrous oxide. Anesthetics, intravenous:
pentobarbital. Brain: glucose utilization; metabolism; regional.
Metabolism: central nervous system. Spinal cord: glucose utilization;
metabolism, regional.

THE LITERATURE is replete with studies of the cerebral
metabolic effects of anesthetic and analgesic agents, but
none has included the spinal cord in the structures
examined. Those who study experimental conditions
that require anesthesia and in which knowledge of the
spinal metabolic effects of the drug are important for
interpreting the results often have assumed that spinal
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cord metabolism responds much the same as that of the
brain to anesthesia.'® Although the assumption that
brain and spinal cord are affected equally by anesthesia
is likely to be qualitatively correct (i.e, a drug that
depresses cerebral metabolism is unlikely to stimulate
that of the cord), the approach is complicated by the
fact that anesthetic agents often produce regionally
variable, and occasionally even opposite, metabolic effects
in brain.*® Furthermore, in view of the substantial
differences in spinal cord and cortical gray matter cell
populations”® and metabolic rates in the conscious
state,™'® it would not be surprising to find quantitative
differences in their metabolic response to anesthesia.
Therefore, in order to determine whether the brain
and spinal cord respond similarly to anesthetic agents,
we measured simultaneously the regional spinal and
cerebral metabolic effects of pentobarbital (PB) anesthesia
and nitrous oxide (NoO) analgesia in paralyzed and
mechanically ventilated rats. The results show that the
metabolic rate of lumbar spinal cord in conscious rats is
about 50% that of the cerebral cortex and displays
minimal laminar heterogeneity. Pentobarbital reduces
and nitrous oxide increases both spinal and cerebral
glucose utilization, but whereas thé effect of NyO is
small and quantitatively similar in brain and spinal cord,
the depression of spinal metabolism by PB is far less
than that which the drug produces in more metabolically
active brain structures.

Methods

Local glucose utilization in both spinal cord and brain
was measured with the 2-['*C]deoxyglucose (2-['“C]DG)
technique'! in adult, male Sprague-Dawley rats. Femoral
arterial and venous catheters were inserted during ap-
proximately 15 min of 1% halothane:70% N2O anes-
thesia. Control rats were restrained by a loosely-fitting
pelvic plaster cast and were allowed to awaken after
anesthesia was discontinued. Rats in the drug-treated
groups had a tracheostomy performed and were para-
lyzed with gallamine (4 mg iv and supplemented) and
ventilated mechanically. Five rats were ventilated with
room air and received PB, 40 mg/kg, intraperitoneally
soon after the halothane and nitrous oxide were discon-
tinued; this was supplemented with PB, 10 mg/kg iv, 5
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min prior to the start of the experiments. Another five
animals received 70% N0:30% O, delivered through
a blender calibrated with an Oy analyzer (Bird Corp.,
Palm Springs, California). Arterial blood gases and pH,
mean arterial blood pressure (MABP), and rectal tem-
perature were measured; temperature was maintained
with a heat lamp, and the ventilator was adjusted to
keep arterial blood gas tensions in the normal range.

Experiments were initiated a minimum of 1.5 h after
discontinuation of halothane by the bolus injection of
125 uCi/kg of 2-['*CIDG (spec. act., 51-55 mCi/mmol)
and were continued for 45 min, during which period
timed arterial blood samples were taken for measurement
of plasma glucose and 2-['*C]DG concentrations. Animals
were killed by an overdose of PB, and the lumbar spinal
cord and brain were removed and autoradiographed
along with calibrated ['*CJmethylmethacrylate standards
as described previously.!! The autoradiographs of lumbar
cord generated by this procedure were analyzed with
the aid of a computerized image-processing system'?;
brain autoradiographs were analyzed with a manual
densitometer (Densichron PPD, Sargent-Welch Scientific,
Skokie, Illinois). In the absence of distinct nuclear
boundaries in cord, measurements were made in six
gray and three white matter regions approximating the
organization of laminae and tracts within the cord.'
Because of their small size, the metabolic activity of
some functionally distinct laminae had to be measured
together. Local tissue '*C concentrations were deter-
mined by comparison of the optical densities of the
regions of interest with those of the calibrated standards.
Rates of glucose utilization were calculated from the
local tissue '*C concentrations, the time courses of the
plasma 2-["*C]DG and glucose concentrations, and the
rate and lumped constants of the normal rat brain
according to the operational equation of the method."'

Statistical comparisons were made with the Dunnett’s
¢ test for multiple comparisons.'*

Results

Except for MABP and Pao,, there were no differences
between groups in the physiologic variables (table 1).
MAPB was lower in the PB group but remained within
the autoregulatory range and, therefore, probably had
no effect on glucose utilization. Similarly, we know of
no evidence that the slightly higher Pag, of the NoO
group, which was anticipated because this group received
30% O, affects the metabolic rate of neural tissue. In
conscious rats the glucose utilization of lumbar spinal
cord is lower than that of most brain regions and is only
50% that of the sensorimotor cortex (tables 2 and 3).
The metabolic rate of spinal white matter is less than
that of gray, and although some regional heterogeneity
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TABLE 1. Physiologic Variables

Control (5) PB (5) N O (5)

Mean arterial blood

pressure (min Hg) | 121 =3 87 £ 10* | 131 +6
Rectal temperature
(°C) 37.4+0.2 [37.1 0.1 |36.9+0.1
Arterial pH 7.41 % 0.02]7.46 + 0.02 7.45 £ 0.02
Py, (mmHg) 92 = 4 86 £ 6 134 £ 2%
Peo, (mmHg) 39+3 39 +2 45+ 2

Data represent mean + SEM for five animals.
* P < 0.05; P < 0.01 as determined by Dunnett's { statistics.

exists in the glucose utilization of lumbar gray matter,
the variation is not as striking as that found in brain.
Spinal laminae I-II1 and X have, respectively, the lowest
and highest rates of glucose utilization in the spinal cord
of conscious animals (table 2).

In the pentobarbital-treated animals there was a 12~
20% decrease in the glucose utilization of most cord
regions, but the reduction was statistically significant
only in laminae IV-VI and the lateral funiculus (table
2). On the other hand, the cerebral glucose utilization
of these same animals was statistically significantly re-
duced 20-50% in most structures (table 3). During N,O
analgesia the rate of glucose utilization increased in all
spinal regions, and the changes were statistically signifi-
cant in all laminae except I-1II (table 2). The largest
per cent increase (33-36%) in spinal glucose utilization
during NO analgesia occurred in laminae VIII and 1X
of the ventral horn; dorsal horn laminae (I-III, IV-VI)
showed lesser increases (14~20%). The cerebral meta-
bolic effects of NoO analgesia varied from a 5% reduction
in the auditory cortex to a 28% increase in the medial
geniculate body. Although 15-25% increases occurred
in most brain regions during NyO analgesia, the changes
reached statistical significance in only five structures
(table 3).

TaABLE 2. Local Spinal Cord Glucose Utilization
(umol » 100 g~' +min~")

Control (5) B (5) NsO (5)
Spinal gray matter
Lamina (e) I-111 36 + 2 312 41 £ 2
1V-V1 44 =1 35 & 3% 53 + 2%
VII 46 = 2 39+ 3 58 * 3%
vl 45 + 1 39 + 2 61 + 3*
X 43 + 1 38 £ 2 57 + 3%
X 50 + 2 43+ 3 64 £ 31
Spinal white matter
Posterior funiculus 181 17+ 1 20 £ 1
Lateral funiculus 301 24 * 1* 36 + 2%
Anterior funiculus 26 £ 0.3 25 %1 35 + 3%

Data represent mean + SEM for five animals.
* P < 0.05; 1P < 0.01 as determined by Dunnett's ¢ statistics.
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TaBLE 3. Local Cerebral Glucose Utilization
(umol+ 100 g~'+ min™")

Control (5) B (5) NLO (5)
Sensorimotor cortex 88 £ 2 51 * 4* 95 + 4
Caudate nucleus 86 £ 2 54 * 5* 109 + 4*
Globus pallidus 49+ 3 36 + 2% 56 + 4
Hypothalamus 43 £ 3 38 + 4 50 & 2
Thalamus: lateral nucleus | 80 £ 6 5] & 6% 98 * 3}
Auditory cortex 121 £ 4 | 62 *4* 1155
Medial geniculate 93 x4 | 52 & 4* 120 = 8*
Hippocampus 623 | 53+3 77 = 2%
Dentate gyrus 49+ 3 43+ 3 53 £ 3
Substantia nigra 53 £ 4 | 40 = 3%} 60 £ 3
Visual cortex 81 % 57 + 7% 100 + 4%
Inferior colliculus 148 £ 4 | 115 + 9f 152 + 9%

Data represent mean % SEM for five animals.
* P < 0.01; TP < 0.05 as determined by Dunnett's ¢ statistics.
1 Four animals.

Discussion

Certain characteristics of spinal cord glucose utilization
in conscious rats are similar to those reported recently
for the monkey.' In both species the rate of spinal gray
matter glucose utilization is only 40-50% that of the
sensorimotor cortex (tables 2 and 3)*!° and is among
the lowest of central nervous system gray matter struc-
tures. Furthermore, there is relatively little metabolic
heterogeneity in the laminae of the spinal cord!®; in the
rat only laminae I-III and X have rates of glucose
utilization that differ moderately from the remaining
spinal gray matter areas (table 2). Pentobarbital anes-
thesia resulted in a 20-50% reduction in local cerebral
glucose utilization, an effect consistent with that reported
previously in both spontaneously breathing, thiopental-
anesthetized rats'' and in paralyzed, mechanically ven-
tilated, phenobarbital-treated rats.'® In contrast, we find
reductions of considerably lesser magnitude (10-20%)
in spinal cord glucose utilization during PB anesthesia.
The reported effects of nitrous oxide analgesia on
cerebral glucose utilization have been less consistent; in
spontaneously ventilating animals, slight reductions were
found,§ whereas no change,'® or small, region-specific
increases'®!” have been reported in paralyzed and ven-
tilated rats. The present results, also obtained in para-
lyzed, mechanically ventilated animals, are consistent
with the latter findings in that statistically significant
increases in Glucose utilization during 70% N,O anal-
gesia are evident in a few cerebral structures. Nitrous
oxide analgesia, however, produced quantitatively similar
changes in spinal and cerebral glucose utilization. It has

§ Sakurada O, Shinchara M, Kennedy C, Sokoloff L: Personal
Communication.
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been suggested'® that nitrous oxide stimulates directly
cerebral glucose utilization and that this effect is atten-
uated by muscle paralysis. Perhaps the somewhat greater
metabolic stimulation during 70% NO analgesia in the
present study reflects lesser paralysis than that obtained
in previous studies. In fact, it is not entirely accurate to
attribute the effects reported in the present study to PB
or NpO alone, since control animals breathed sponta-
neously but both experimental groups were paralyzed
and ventilated mechanically. As a practical matter, how-
ever, NyO seldom is used experimentally without muscle
paralysis, and barbiturates are known to have similar
regional metabolic effects in unparalyzed'' and para-
lyzed'® animals.

Quantification of glucose utilization with the deoxy-
glucose method requires knowledge of the rate constants
and the lumped constant, which have not been measured
in spinal cord. Fortunately, a 45-min experimental period
permits wide latitude in the values of the rate constants
with very little error in the estimate of glucose utiliza-
tion.'® The lumped constant of the rat brain thus far
has been found to vary only during pathologic conditions,
such as extreme hypoglycemia'® or status epilepticus,?
and because the cord has a blood-tissue barrier and
biochemical properties similar to those of the brain,
there is little reason to suspect that the lumped constant
of spinal cord would differ appreciably from that of
brain. Indirectly supporting this opinion are the results
of Hayashi et al,?' who measured spinal oxygen con-
sumption with an oxygen microelectrode. Assuming a
stoichiometric ratio of at least 5.5 umol Oy consumed
in the oxidation of 1 pmol of glucose,?* Hayashi et al.?!
found that the thoracic spinal gray matter of PB- and
ketamine-anesthetized rats consumes sufficient oxygen
to oxidize 27 pmol of glucose+ 100 g™' - min~". Consid-
ering differences in anesthesia and that lumbar cord
probably has a slightly higher rate of glucose utilization
than thoracic cord,'® their results compare favorably
with the 38 umol of glucose« 100 g™'  min™" utilized in
the ventral horn of our PB-anesthetized animals. In
addition, the fact that spinal blood flow is generally
about 45-50% less than that of the cerebral cortex®
suggests comparable differences in the metabolic rates
of these regions; in conscious rats, the glucose utilization
of lamina VIII is 51% less than that of the sensorimotor
cortex (tables 2 and 3). Therefore, it is unlikely that
use of the rate and lumped constants of brain introduces
more than minor errors in the estimation of absolute
rates of spinal glucose utilization.

That spinal cord metabolism is decreased during PB
anesthesia to a lesser extent than that of cerebral struc-
tures with greater spontaneous metabolic rates is fun-
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damentally consistent with work demonstrating that
neither general®® nor spinal anesthesia®® alter spinal
blood flow. For example, in contrast to their profound
effect on cerebral blood flow,?® barbiturates have been
found not to reduce spinal blood flow.?* Moreover,
previous work?’ showing large increases in spinal but
not cerebral glucose utilization during somatosensory
stimulation of PB-anesthetized animals indicates that
stimulation-evoked spinal metabolism is also relatively
resistant to depression by barbiturates. In fact, maximal
pharmacologic depression of spinal metabolism may be
less than the 50% achievable in brain.?® While no data
bear directly on this question, available evidence regard-
ing both anesthetic effects***>*” and spinal shock,'’
where, despite complete functional depression of the
cord, only a 10-22% decrease in spinal glucose utilization
occurs, suggests that, in general, spinal metabolism is
perturbed less readily and extensively than cerebral
metabolism.

Regional variability in the brain metabolic response
to anesthesia is, of course, well documented.*® The
reasons for the difference are a matter of conjecture,
however. With regard to the present study, the ratio of
neurons to glia in rat cervical spinal cord is approximately
1:4,7 while in cortex this ratio, at 4:1, is reversed.® The
lower density of neurons in spinal cord partially may
account for the lower spontaneous metabolic rate of this
tissue because neurons are more metabolically active
than most glial cells.?® Furthermore, inasmuch as bar-
biturates reduce metabolism by reducing electrical or
synaptic activity,?®3? a tissue such as spinal cord with a
low neuron:glia ratio may have fewer synapses that are
susceptible to depression by barbiturates. Indeed, there
appears to be a loose relationship between spontaneous
local metabolic rate and magnitude of barbiturate-in-
duced metabolic depression. The spinal cord response
to PB anesthesia approximates more closely that of
cerebral structures with comparably low spontaneous
metabolic rates (e.g., globus pallidus, hypothalamus) than
those that are more metabolically active (e.g., cortical
regions, caudate, thalamus).

Among the implications of the present study, the
most important is probably that extrapolation to spinal
cord of results on the cerebral metabolic effects of
anesthetics, particularly if the results are weighted toward
cortical structures, may not be quantitatively valid, A
practical corollary of this study is that any putative
advantage that reduced metabolic demand conveys in
the face of trauma or reduced perfusion may be minimal
in spinal cord if PB or other similarly acting central
nervous system depressants are chosen to achieve
this end.
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